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MEMBERSHIP 
‘Membership of thc Society is open to all who are interested in Physics ; 


FeLLowsuip. A candidate for election to Fellowship must as a rule be recommended 
by three Fellows, to two of whom he is known personally. Fellows may attend all meetings 
of the Society, are entitled to receive Publications 1, 3, 4 and 5 below, and may obtain the 
other publications at much reduced rates. 


Srupent Mempersuip. A candidate for election to Student Membership must be 
between 18 and 26 vears of age and must be recommended from personal knowledge by 
a Fellow. Student Members may attend all meetings of the Society, are entitled to receive 
Publications 1, 3 and 4, and may obtain the other publications at much reduced rates. 
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Optical Group (Discussion Groups formed in the Society) without payment of additional 
annual subscriptions. : 
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1. The Proceedings of the Physical Society, published six times annually, contains original 
papers, lectures by specialists, reports of discussions and of demonstrations, and reviews. 
Universal Decimal Classification Index Slips for the Proceedings are issued gratis to those 
members who ask for them in advance. 


2. Reports on Progress in Physics, published annually, is a comprehensive review by 
qualified physicists. 

3. The Catalogue of the Physical Society’s Annual Exhibition of Scientific Instruments 
and Apparatus. This exhibition, which is held normally in January of each year, is recog- 
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4. The Agenda Paper, issued at frequent intervals during the session, informs members of 
the programmes of future meetings and business of the Society generally. 
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held for the reading and discussion of papers, for lectures, and for experimental demonstra- 
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Society, given annually by a physicist of international reputation ; the Thomas Young 
Oration, given biennially on an optical subject ; the Charles Chree Address, given biennially 
on Geomagnetism, Atmospheric Electricity, or a cognate subject ; and the biennial Ruther- 
ford Memorial Lecture. A Summer Meeting is generally held each year at a provincial centre, 
and from time to time meetings are arranged jointly with other Societies for the discussion 
of subjects of common interest. 
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VIMO HIGH PRESSURE COUPLINGS 


1e only really efficient pressure-resisting coupling 
r pipe connections. Approved by the Air Ministry 
id standarised by leading aircraft manufacturers. For 
ater, oil and glycol, at any temperature. Flexible. 
bration proof. Available in sizes from }’ o/d to 3} o/d. 
vimo facilities are at your disposal. 


DESIGN DEVELOPMENT MANUFACTURE 


of 
PTICAL-MECHANICAL-ELECTRICAL INSTRUMENTS 


RAV IM OU LTD 


TEMPERATURE CONTROL 
WITH THE 


YROKOLOR 
Y ROME TER 


900°-1800° or higher. Closer heat-treating 
standards for war and peace-time products 
demand Pyrometer Precision. 
Send for complete details of the Bowen range of 
Guaranteed Instruments. 


BOWEN INSTRUMENT 


co. £7. 
9/13, NEWTON ROAD - LEEDS,7 
Telephones : 41036/7 


BAGN«D EN Ger.GAS Bis 
for the 


MONE OAD IDI I PIE: 


Binding Cases for volume 57 (1945) and 
previous volumes may be obtained for 
6s., inclusive of postage. For 9s. the six 
parts of a volume will be bound in the 
publisher’s binding cases and returned. 


THE PHYSICAL SOCIETY 


1 Lowther Gardens, Prince Consort Road, 
London S.W.7 
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Rates for one insertion 
Page - £10 Os. Od. 4-page - £2 12s. 6d 
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1 cowther Gardens, Prince Consort Road, 
London S.W.7. 


| nn NT 


88 pp.  5/-, post-free 5/3 


NOTES ON 
PRACTICAL 
PHYSICS 


BY 
G, STEAD, M.A., F.lnst.P. 


Professor of Physics, Guy’s Hospital 
Medical School, University of London 


Demy 8vo. 


69 Text-figures 


Revised 1943, the book provides enough 
information to enable the average 
student to start an experiment with- 
out waiting for the assistance of a 
demonstrator. 


TAYLOR & FRANCIS, Ltd. 
RED LION COURT, FLEET ST., E.C.4 
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SELENIUM PHOTOCELLS 


for use with direct reading instruments or valve amplifiers. | 


TEST TUBE COLORIMETERS 


for Haemoglobin and other determinations. 


REFLECTOMETERS 


for comparing reflectance from all surfaces. 


“a 
® @ 8 ® 


EVANS ELECTROSELENIUM | 


LIMITED . 
BISHOP’S STORTFORD. HERTS. | 
: 
SIMPLIFIED} 
BALDWIN | 
"INSTRUMENT COMPANY LIMITED —  MEASUREMENTI 


Laboratory methods of determination requiring time 
and skill can often be replaced by direct-reading AND 
instruments that can be successfully used by the non- 
technical worker. Our development service for industry 
covers. the field of Idea, Prototype and Manufacture. 
Ask us about it. su L 


BALDWIN INSTRUMENT COMPANY LIMITED 
London Office : GRAND BUILDINGS, TRAFALGAR SQUARE, W.C.2 


Originators and makers of scientific instruments for measurement and control. 
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T A. T i S T ] Cc A L The object is to develop briefly one simple unified 


standard method, capable of dealing, without changing 


Lf E R M O DY N A M i CS the fundamental attitude, with all cases and with 


every new problem that may arise. The treatment 


tal Course of Seminar Lectures of those topics which are to be found in every on 
By ERWIN ern RODINGER of a hundred text-books is severely condénsed, but 
vital points which are usually contained in only the 

6s. net large monographs are dealt with at greater length. 
AMBRIDGE UNIVERSITY PR-E’S S 


RADIOBIOLOGY 


Experimental and Applied 


BIOLOGICAL EFFECTS TOTAL ENERGY- ABSORPTION 
F, G. Spear F, Ellis 
COMPARATIVE STUDIES METHODS IN X-RAY THERAPY 
L. H. Gray J. Read 
GENETIC EFFECTS METHODS IN RADIUM THERAPY 
D. G. Catcheside S. Russ 
VIRUSES AND BACTERIA MILLION VOLT THERAPY 
D, E. Lea G. S. Innes 
STOLOGICAL ANALYSIS IN RADIOTHERAPY PROTECTIVE METHODS 
A. Glucksmann = W. Binks 
MEASUREMENT OF RADIATION EXCHANGE OF DATA 
G. J. Neary J. Read 


BOOKS « FILMS + JOURNALS - SCIENTIFIC INSTRUMENTS 


This Symposium is No.1, Volume 4, British Medical Bulletin, (80 pp. and cover, seven shillings). 
Copies may be obtained from the publishers; Medical Department, The British Council, 
3, Hanover Street, London, Wr, or from booksellers 


OPTICAL BENCH PROJECTION EQUIPMENT BLOOMED SURFACES 
-PHOTOGRAPHIC ENLARGER © MICROSCOPY ALUMINISED SURFACES 
PHOTOGRAPHIC COLOUR 
FILTERS APLANATIC MAGNIFIERS RHODIUMISED SURFACES 
OPTICAL FLATS PRISMS TO ANY SPECIFICATION MIRRORS OF ALL TYPES 
THE 


LEECH OPTICAL Co. Ltd. London Office : 
WHETSTONE Leics. LE CH 94, HATTON GARDEN, E.C.1 
Telephone: NARBOROUGH 2213 CH /s Telephone: HOLBORN 1752 
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LABORATORY FURNITURE 


Functional suitability, 
technical convenience 
and personal cone 
venience are three 
important factors to 
be observed in design- 
ing a laboratory. 


It is evident that the 
successful planning of 
a laboratory requires 
the exercise of a 
degree of technical 
knowledge which few 
fully appreciate. It 
involves the solution 
of complex design 
problems (ventilating, 
fume removal, drain- 
age, layout, disposal of 
supply services) and a 
thorough knowledge 
of structural materials 
and their suitability |] 
for use in various parts 
of the laboratory. ‘ 


Arr 


Catalogue i Paley bi 7 i 
I5B-LF (i 


on 
application 


Please 

communicate We are experienced || 
your designers of laboratory 
requirements furniture, manufac- 

to us. tured in our own 


works. 


A member of 
our technical 


silguece | © GairrtNandlatitock La 


arrangement 


Established as Scientific Instrument Makers in 1826 


LONDON MANCHESTER GLASGOW EDINBURGH 
Kemble Street, W.C.2 19, Cheetham Hill Rd., 4 45, Renfrew Street, C.2 7, Teviot Place, 


BIRMINGHAM : STANLEY BELCHER & MASON LTD., CHURCH STREET, 3 


\V \/ FOR NEARLY A CENTURY WRAY LENSES 
) I\ HAVE ENJOYED THE CONFIDENCE OF SCIENTISTS 


SCIENTIFIC 
LENSES 


Vv 


THE LENS WHERE ILLUSTRATED 
HAS BEEN SPECIALLY DESIGNED 
FOR USE ON CONSTANT SPEED 
CAMERAS TO RECORD ON 35 mm. 
FILM FROM A CATHODE RAY TUBE. 
IT IS AN ANASTIGMAT OF 2” FOCAL 
LENGTH, HAS AN APERTURE OF F.I, 
AND IS CORRECTED FOR AN OBJECT 
TO IMAGE RATIO OF 4:1]. 


WRAY (OPTICAL WORKS) LTD. BROMLEY, KENT 
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SARPENTER HIGH SPEED 
POLARIZED RELAY 


fain features of Standard model : High 
peed. Short transit time. Negligible dis- 
ortion up to 300 c/s. Contact gap a 
unction of input power, hence small dis- 
ortion almost down to failure point. High 
ontact pressures. No contact chatter. 
digh sensitivity—robust operation at 
memv.A. at 100 c/s. or 0-2 mw... D.c. 
asreat ease of adjustment. Magnetic bias 
djustment giving absolutely smooth con- 
rol. Balanced armature—hence immunity 
o considerable vibration and no positional 
rror. 


Full details and Test data available on request. 


TELEPHONE 
MANUFACTURING 
co. LTD. 


Contractors to British - Dominion - Colonial and 
Foreign Governments. 


HOLLINGSWORTH WORKS, 
DULWICH, LONDON, S.E.21 
Telephone 
GIPsy Hill 2211 (10 lines). 
EN ARS Ae 


VISUAL TWO-DIMENSIONAL 
delineation of any recurrent law. 


RELATIVE TIMING OF EVENTS 
and other comparative measure- 
ments with extreme accuracy. 


PHOTOGRAPHIC RECORDING 
of transient phenomena. 


SIMULTANEOUS INDICATION 
of two variables on a common 
time axis. 


Completely embracing all the above func- 
tions, the unique Cossor DOUBLE BEAM 
Cathode Ray Tube, as embodied in Model 
339 Oscillograph, is inherently applicable 
to all problems arising in the 


RECORDING, 
INDICATING and 
MONITORING 


of effects and events in Electrical engineer- 
ing ; and in Mechanical engineering when 
the effects can be made available as a vol- 
tage. Recurrent traces are studied visually 
and transients may be photographically 
recorded with Model 427 Camera. 


A. C. COSSOR LTD., 


Instruments Dept. 
Cossor House, London, N.5 


’Phone : CANonbury 1234 (30 lines). 
’Grams : Amplifiers Phone London. 


oe 
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CONSTANT 
VOLTAGE 


A.C. & D.C, 


In the following systems, automatic 
compensation is provided for the effects 
of mains fluctuations and/or load 
variations. 


The ‘‘Stabilistor”’ 


This device provides an A.C. voltage of 
good waveform, maintained within limits 
of + 2%, for all loads between no load 
and full load and any input between 190 
and 260 volts 50 c.p.s. single-phase A.C. 
Closer limits are obtainable if either the 
input or the load are constant. Response 
is almost instantaneous and efficiency is 
about 85%. 


Where the load is constant, a _ special 
frequency-compensated model is available, 
which will hold the output voltage constant 
to within a few parts in 1,000 in spite of 
variations of + 6% in mains voltage and 


simultaneous or independent variations of 
+ 2% in mains frequency. 


“Westat”’ 


A special fully automatic battery charger, 
which maintains the battery voltage within 
fine limits despite simultaneous variations 
of mains and load. Action is instantaneous 
and, after a power supply interruption, 
the Westat automatically provides a heavy 
charge until the battery voltage reaches its 
normal value. No moving parts, saturated 
chokes, gas discharge tubes or barretters. 


“Noregg”’ 


Similar to the Westat but for direct operation 
of D.C. apparatus from the A.C. mains. 
High efficiency and power factor; low 
percentage ripple. 


Write for publications E.E.2 and D.P.\IL to Dept P.S. 


Westinghouse Brake & Signal Co. Ltd. 
Pew Hill House, Chippenham, Wilts. 


DRAYTON REGULATOR & INSTRUMENT CO. u 
WEST DRAYTON West: Drayton 2611. MiDD 


DRAYTON 


i | 


‘Hydroflex’ | 
METAL BELLOWS 


These bellows are formed from the | 
initial tube in one gradual con- 
tinuous operation, resulting in.a 
uniformity of wall thickness un-' 
attainable by any other method 
The tough resilient product is. 
tested to many times the maxi-| 
mum rated working pressure dur- | 
ing formation. Customers’ end) 
plates can be fitted prior to form-| 
ing so that the soldered joint is 
also pressure tested. . 


For Gland Seals ; Refrigeration 
Control; Thermostatic and 
Pressure Operated Devices, etc. 


A PACKLESS GLAND WITH 
OUTSTANDING ADVANTAGES 


Cc) Every Gland uniform @ Absolutely reliable in| 
in life and performance. eperation. 


® Pretested during @ Provision of closed 
forming. end eliminates one joint. 


Root Diam. 3/8” to3” Outside Diam. 9/16” to 44” 
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RESISTANCES 


Although present circumstances 
render it difficult for us to give our 
pre-war service to all customers, we 
are still working in their interests. 


New materials and manufacturing 
processes, which we are now using 
to increase output, also contribute 
in large measure to improved ( 
performance and reliability of our 
products. Thus, when normal times 
return, all users of Berco 
Resistances will benefit by our 
work to-day. 


THE BRITISH ELECTRIC RESISTANCE CU. LTD. 
QUEEINSWAY, PONDERS END, MIDDLESEX 


Telephone: HOWARD 1492. 
Telegrams : ‘“ VITROHM, ENFIELD.” 


(B.1) 


REGO. 


MAGNETIC SCREENS 


MUMETAL is a reno 


UMETA[ 


: or alternatin 

‘ oe During wartime MUMETAT ees 
neively employed for scre in 

ate 1 ens in Radar and 


THE TELEGRAPH CONSTRUCTION & MAINTENANCE co. LTD. 
( Founded 1864 


Head Office: 22 OLD BROAD ST., LONDON, E.C.2. Tel: LONdon Wall 3141 
Enquiries to: TELCON WORKS, GREENWICH, S.E.10. Tel: Greenwich 1040 
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VITREOSIL ARCH & 
APPARATUS ee 
INDUSTRIAL 
INSTRUMENTS 
* 
VACUUM SWITCHES 
* 
SENSITIVE THERMOSTATS 

* 
This photograph—by the way, it won BIMETAL TIME DELAYS 
International Exhibition in 1939—shows 

; x 
some pre-war apparatus made to speci- 
fication in VITREOSIL pure fused silica, ELECTRONIC RELAYS 
but you need hardly be reminded that 
this work can always be done for you. * i 
THE THERMAL SYNDICATE LTD. RESISTANCE THERMOMETERS jj} 
Head Office : DE or pai aust ot * | 
ondon Depot: 12-14, e Street, 
es a nae ese nseans: Wal ean PROPORTIONING 
CONTROLLERS 
* 


TOLUENE REGULATORS 


ANNOUNCEMENT 


MOISTURE METERS 


Megatron Selenium a 
FIRE ALARMS 
Photo Cells R 
ae AMBIENT TEMPERATURE 
in PRODUCTION RECORDERS 
Technical Enquiries to * 
Dr-Go A aVESut ENERGY REGULATORS 
at our Laboratories, 
115a, FONTHILL ROAD, N.4 ok 
Archway 3739 | 
HEAD OFFICE UN } 
MEGATRON LTD. S VIC CONTROLS 
96/97 CHANDOS HOUSE LIMITED 


BUCKINGHAM GATE 
WESTMINSTER S.W.1 


Abbey 7216 


STANHOPE HOUSE KEAN ST. || 
ALDWYCH LONDON, W.C.2 || 


| 
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Mele Soot Mire (BEMTAC CUR AghE 
ee eile GeceL mination 


By ELECTRONICS you can determine pH so 
that results are a matter not of opinion but 
of unambiguous and uncontroversial fact. 
By electronics youcan become independent 
of colour-judgment and make pH de- 
termination a simple and_ time-saving 
routine. 


Marconi instrumeuts are available for 
making without special] skill spot tests 
giving pH readings to an accuracy of ‘02 pH 
in afew seconds ; others give a continuous 
visible reading on a graduated meter ; and 
finally there is the equipment which records BR 


ermanently, on a 24-hour chart, all z , : 
DP : Full details ave available on request ; when 


writing please describe the process involved. 


MARCONI } INSTRUMENTS LTD. 


MEASUREMENT FOR’ INDUSTRY 


ST. ALBANS, HERTS. ’Phone : St. Albans 4323-6 Northern Office: 30 ALBION STREET, HULL. ’Phone: Hull 16144 


significant pH fluctuations. 


ae The ™ 
Model H.S, 300 with variable speed shutter Oo d e | H S 3 0 0 


HIGH SPEED CAMERA 


Available on hire for high speed research 


work requiring accurate observation of 


fast moving machinery, projectiles, etc. 


COST OF HIRE:- 
£15.15.0 PER DAY (including operator) 


Wale SAE STG Bales UN Pisted dba Bleed 21 By 


North Circular Road, Cricklewood, N.W.2. 
Telephone : GLAdstone 6373 
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PHILIPS GEIGER-COUNTER X-RAY SPECTROMETE 


. .. The new Philips Geiger-Counter X-Raj 
Spectrometer is a revolutionary developmeniti 
based on newly applied principles of diffractio}} 
technique. Using a direct-reading method, ne 
film is required. The speed of analysis is increasee 
and greater accuracy obtained. The Spectromete }} 
is simple, rapid and easy to operate. It provides jf 
fast medium for the qualitative and quantitative 
analysis of crystalline and certain amorphous} 


ot 


materials, quickly identifying chemical substance} 
present and their state of chemical combination | 
Under optimum conditions of resolution, diffi] 
raction angles are obtained with an accuracy 
of 0:03 degree. The reflected beams are locateq}} 
by means of a highly sensitive Geiger-Countes 
tube mounted on a movable arm that traverses} 
the scale. Radiation intensity is integrated an 
totalized by an electro-mechanical counter, whil 
average intensity is indicated by a micro-ammete 
both connected to the Geiger-Counter throughif 


electronic circuits. 


PHILIPS X-RAY DIFFRACTION APPARATU 


. This apparatus constitutes the ideal flexible 
diffraction machine. With a power unit rated acy 
60 kvp. 50 ma. any of the modern techniques ca 1 
be readily employed. The full wave rectificatio | 
means a longer tube life because the tube filament 
runs cooler, and for equal target loading the 
filament emission is only about half of chery 

| 


compared with self-rectified or half-wave recti 
fication. Furthermore, contamination of thejj 
tube target, due to deposits of tungsten, is thereby| 
greatly reduced. This results in a clean tube! 
target, no contaminated radiation to complicate} 
the pattern on the film, and longer, more efficient} 


tube life. Among the many applications for this} 


machine are :—Chemical Indentification . Phaself 
Analysis . Solid Solubility Study . Single Crystal 
Studies . Particle Size Measurements . Metallo- 
graphic Studies . Molecular Weight Determination 
Structure Identification . Stress Analysis . Fibre 


Studies . Process Control . Orientation Studies. 


PHILIPS © METALIX | 


PHILIPS LAMPS LTD , CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C.2,. 
(249) 
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 LABGEAR 


Laboratory Apparatus 


Scientific Instruments & 
Electronic Equipment, etc. 


INVITE YOUR INQUIRIES FOR SPECIAL REQUIREMENTS OR CATALOGUES 


WRITE OR PHONE LABGEAR PHONE : 2494/5 
WILLOW PLACE CAMBRIDGE 


TEMPERATURE and HUMIDITY-CONTROL 
_ with Adjustable Contact Thermometers 


AUTOMATIC VACUUM-CONTROL for 
LABORATORY and ALTITUDE TESTS. 


SUPER-SENSITIVE RELAYS and 
MERCURY SWITCHES 


COMPONENTS for HERMETIC SEALING 


ELECTRO METHODS Ltd. iz2cctess. Boz 


Tae 
NEW MULTITONE UNIVERSAL 


POCKET HEARING AID 


The New Pocket Aid makes use of the new cascade circuit (Patent appliec}) 
for) which we have developed. Two valves only are used, a heptode as a two-|} 
stage amplifier and a H.F. pentode as an output triode. The new circuit hag} 
enabled us to produce a hearing aid of outstanding performance, at the very}! 
moderate price of 12 guineas. 


The new instrument will give excellent hearing to all cases of deafness 
responsive to instrumental help. It can give, if required, higher amplificatio 
than any other pocket aid we have produced in the past, whilst its controls can 
be adjusted to make it equally helpful to those needing clarity of reproduction 
rather than great volume. It can be used without alteration with any type} 
of earpiece, including crystal or bone-conductor, and is constructed throughou 
with proved components and valves available the world over. 


The instrument incorporates many new features, one of which regulates 
the high tension current to the particular requirements of the individual user 
thus ensuring longest possible life for high tension batteries. In this direction 
it is particularly economical—the cost of replacements for a severely deaf person 
being estimated at Is. 6d. per week. 


The batteries used are of the new layer built type—more compact and of 
greater capacity than any obtainable hitherto. They are all fitted with inter- 
national connections and sockets, and are obtainable all over the world. 


Robust in construction, reliable and economical in use, the Universal 
Pocket Aid is small and light enough to be easily worn on the person. It ist 
housed in an attractive plastic case, and connected with the earpiece and 


batteries by a single lead. 


SPECIFICATION. 
size;: 5 in. by 2¢%in. by gain Weight : 94 oz. 


Three-stage amplifier with crystal microphone. Button-base international valves., 
Low tension drain 90 m.a. High tension drain from } to 24 m.a. Maximum 
voltage amplification 4,000. High tension battery 45 volts layer-built. Low4} 
tension |4 volts. 


All our aids may be had on a week’s home trial, free of charge. 


There are Multitone Agents in most cities in Great Britain and in many 
countries abroad. 


MULTITONE ELECTRIC Co. Ltd. 
92, New Cavendish Street - - London, W.| 


THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


xiil 


Research in Applied Photography 


Kor many years Ilford Limited have played a leading 
part in rendering photographic service to scientists in 
the Universities and other research centres, both here 
and overseas, and in industry. They have taken pride 
in these services as part of their contribution to Science 
itself—a contribution which has often becn out of all 
comparison to the actual quantities of sensitive materials 
involved. 


The demands for these services have grown apace. They 
have been intensified rather than reduced by the war, as 
photographic modes of investigation have found unex- 
pected uses. Ilford Limited have therefore expanded 
their organisation to cope with such demands by extend- 
ing the scope of their Technical Service Department, and 
by instituting a new Technical Research Department. 
While the former is prepared to deal with requests for 
technical data or assistance in problems arising in the use 
of standard products, the latter is concerned with new 
problems or novel applications which may involve new 
sensitive materials or photographic techniques. 


Among the fields to which Ilford Limited have made 
outstanding contributions are: 


SPECTROGRAPHY 
PHOTOMICROGRAPHY 
ELECTRON MICROGRAPHY 
CATHODIE-RAY OSCILLOGRAPHY 
PLATES FOR NUCLEAR RESEARCH 
SELECTIVE AND NEUTRAL FILTERS AND WEDGES FOR 
RESEARCH PURPOSES GENERALLY 


Special ILFORD products for these purposes are backed 
by an unsurpassed range of plates, papers and films for 
general work. 


Consult ILFORD LIMITED about your photographie 
problems and the experience gained by us and by you 
will add to the common pool of scientific knowledge and 
technique. 


ILFORD LIMITED - ILFORD - LONDON 
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MULLARD 


“Ticonal” Permanent Magnets 


FOR INDUSTRY 


MULLARD “TICONAL“ magnets are the most efficient 
permanent magnets available.’ A revolutionary process of 
manufacture, including a new alloy and heat treatment in 
a magnetic field, was developed in our own laboratories, 
resulting in magnets of three times the performance of 
any other commercial magnet produced at that time. 


‘“Ticonal’’ permanent magnets have set a new high standard 
and enable magnetic circuits to be designed with high 
efficiency, resulting in small physical dimensions and weight 
and in many cases an appreciable saving in cost. 


That is why more and more manufacturers in the electrical 
and radio industries are specifying “ Ticonal ”’ permanent 
magnets in their products. 


Below are a few typicai applications :— 


LOUDSPEAKERS e MOTORS & GENERATORS 


MICROPHONES e TELEPHONE HAND GENERATORS © 


PICKUPS e COMPASSES e MAGNETIC FILTERS 
CYCLE DYNAMOS e MAGNETRON FIELDS 


TEMPERATURE CONTROL e SPEEDOMETERS 


ELECTRICAL INDICATING & RECORDING INSTRUMENTS 


The experience of our engineers is at your service on any problems: connected 
with the design of magnetic circuits. 


THE MULLARD WIRELESS SERVICE CO. LTD., 


(MAGNET DIVISION) 


CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C.2. 
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ELECTROMETRIC 
TITRATION APPARATUS 
TYPE-E920 


—+——| | 750 


700}— 


———| 706 


TITRATION OF VANADIUM IN =I [| 650 
WITH N/20 FERROUS AMMONIUM SULPHATE 
Reco rateeaienlcncircar NUMAN 
‘SaTURAteO caoMer | | 


600 


| mV 


500 


| 
als = + 450 
ede aaa (Eee ee es | 
S095 ‘ 2 3 * 3 400 


SoS Fey 
CCS Fe SO4 
Titration of Vanadium in Steel with N/20 Ferrous 
Ammonium Sulphate Electrodes: Bright Platinum and 
Saturated Calomel. 


Tuts apparatus has been designed to supply the need 
for a robust, self-contained potentiometric titration 
apparatus which is sufficiently simple to be used in routine testing by unskilled 
operators and is yet capable of meeting the requirements of the industrial research 
chemist. 

The apparatus is operated from the 50-cycle supply mains and the end point is 
detected by a “ Magic Eye”’ indicator. Thus there are no batteries to be replaced 
and no delicate galvanometer to be damaged by mechanical shocks or electrical 
overloads. A special circuit eliminates all possibility of drift during a titration, 
and changes of mains supply voltage do not give rise to any inaccuracies. 


OTHER TYPES OF MULLARD APPARATUS 
HIGH AND LOW FREQUENCY A.C. BRIDGE EQUIPMENT. GRAIN MOISTURE METERS. 
CATHODE RAY OSCILLOGRAPHS. CONDUCTRIMETIC APPARATUS. BEAT-FREQUENCY OSCILLATORS. 


am 


Rano Mir ede SERVICE CO. LTD., CENTURY HOUSE, SHAFTESBURY AVENUE, W.C.2 (152) 
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THE KENT 


MULTELEC 


is a strong and sturdy instrument which, upon activation at two- 
second intervals by any minute change of potential, sets up a 
powerful servo-motor force for controlling any desired form of 
correction, yet without imposing any restraint upon the sensitivity 
of the instrument. Furthermore, it indicates and records. 


VARIOUS USES: 

The Kent Multelec is extensively used in various industries for 
recording, indicating and controlling temperatures, its potentiometric 
basis ensures a fine degree of accuracy under industrial conditions. 


It is also used in the control of pH value in various processes, and 
for the correction of boiler feed water by measurement of 
electrical conductivity. 


It will be recognised that the Multelec can be adapted to many 
forms of controlling, recording or indicating besides the above. 


George Kent, Ltd., also supply meters for accurate measurement 
of the flow of steam, water, gas, air, oil or any other fluid, 
whatever the quantity or pressure. 


The Multelec booklet (No. 897) is available on request. 


GEORGE KENT, LTD. LUTON & LONDON 
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RESEARCH & 
ENGINEERING 


BTH Products are available 
as instruments and apparatus 
for research, development, and 
engineering, including all branches 
of electronic control. 


THYRATRONS MAGNETRONS 
CRYSTARSREGTIEIERS 
SPECIAL VACUUM ELECTRONIC DEVICES 
GLASS, AND GLASS METAL SEALS 
RECTIFIERS 
FRACTIONAL HORSEPOWER MOTORS 
BIC: 


A3595N 
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In every sphere of electrical test wor 
are maintaining the ‘““AVO” reputatio| 
dependable accuracy, which is often used] 
standard by which other instruments 


judged. 


TOMATIC COIL WINDER & ELECTRICAL EQUIPM CO.1t 
wl N.0 ER H ON SB te do UGL A ) ST REE I ms LONDON “WA TELEPHONE: VICTORIA 540 
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THE 


S iS THE 


HARDNESS TESTING MACHINE 


The feature of this machine is extreme simplicity com- 
bined with sensitivity of control afforded within the limits 
prescribed by robustness of construction. 


The G.E.C. Cathode 
Ray Tube 4103 is a 
type widely used in 
industrial test gear. 


SI. 


PHOTO CELLS 
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| FIECTRONICS 


made it possible/ 


The testing and maintenance of the tremendous range of 
electronic equipment produced for the fighting services, 
called for the production of many highly specialised testing 
devices. Equipment had to be available both for day-to-day 
servicing in the front line, and more detailed overhaul in 
service workshops and factories in the rear. A large pro- 
portion of such test equipment was valve operated and 
OSRAM were in the forefront of this new technique, which 
will bring to the pursuits of peace many well-tried electronic 
devices to speed, smooth and make safer our way of life. 


&£6.C. Osram 


CATHODE RAY TUBES VALVES 


AA 


Advt, of The General Electric Co, Ltd., Magnet House, Kingsway, London, W.C.2. 


AMPLIFIER-DETECTOR TYPE D-I6I1-A 


This Amplifier-Detector is recommended as a balance detector for A.C. 
bridges and similar equipment operating in noisy surroundings or at other 
than audio frequencies. 
Ample gain is available for the most sensitive measurements and the 
indicating meter is automatically protected from damage by excessive 
input voltages. 

BRIEF SPECIFICATION 


VOLTAGE SENSITIVITY : 5 microvolts for 600 ohms input impedance. 


FREQUENCY 
CHARACTERISTIC : Flat within 3 db from 40 c.p.s. to 20 ke/s. 
INPUT CONTROL : 50 db in 10 steps of 5 db. 


INPUT TRANSFORMERS : Two balanced and screened input transformers having primary 
impedances of 600 ohms and 6,000 ohms respectively selected 
by a switch, (Other values can be supplied to order.) 


AMPLIFIER : High gain resistance—capacitance coupled amplifier. 
POWER SUPPLY : 200 to 250 V 5u c.p.s. 
DIMENSIONS : 19” x 103” x 7’ for mounting on standard telephone rack. 


WRITE FOR BULLETIN B-551-A 


MUIRHEAD 


MUIRHEAD & COMPANY LTD., ELMERS END, BECKENHAM, KENT. TEL. BECKENHAM 0041-2. 
OVER 60 YEARS DESIGNERS AND MAKERS OF PRECISION INSTRUMENTS 


C.R.C. 47 
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| 
‘A NEW. RANGE @G 
LABORATORY 


POWER | 
UNITS | 


MODEL 26, Mk II 
illustrated, provides ui 
to? 500 nifaatea voltag 


tween 0 and |,500 D.C.| 
maximurn load 500 watts# 
Ripple voltage is les} 
than’ “1% of. outp 
voltage. 


MODEL 26, Mk Iil- 
is similar, but has, i 
addition, two indepeat 
dent fixed voltage outi 
puts of 6.3v. 3amp. and 
6.3v. 2 amp. respectivel 


OTHER VERSIONS 
having 10,000 volts out] 
A.F. OSCILLATORS; U.H.F. GENERATORS; ©-METERS; put-A{@andab:@ sam 
VALVE VOLTMETERS ; NOISE-METERS ; MULTI-RANGE in preparation. 
METERS ; AUTOMATIC OHMETERS ; STRAIN GAUGE 
AMPLIFIERS’; CATHODE RAY: OSCILLOSCOPES: ete, 


PARTICULARS || 
of this range and oj 


L other instruments are 
available in 1946 cata- 


INSTRUMENTS LTD. pa peste HLH Si. ° 
neers are invited 


Electronic Engineers & Consultants apply. 
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SCIENT 
jes BOOKS 


Messrs H. K. LEWIS can supply from stock or to order any book on 
the Physical and Chemical Sciences. 


CONTINENTAL AND AMERICAN works unobtainable in this 
country can be secured under Board of Trade licence in the 
shortest possible time. 

SECOND-HAND SCIENTIFIC BOOKS. An extensive stock of books in 
all branches of Pure and Applied Science may be seen in this department. 
Large and small collections bought. Back volumes of Scientific Journals. 


Old and rare Scientific Books. Mention interests when writing. 
140 GOWER STREET. 


SCIENTIFIC LENDING LIBRARY 


Annual subscription from One Guinea. Details of terms and prospectus free on request. 


THE LIBRARY CATALOGUE revised to December 1943, containing a classified index 
ofauthors and subjects : to subscribers | 2s. 6d. net., to non-subscribers 25s. net., postage 8d. 


Bi-monthly List of Additions, free on application 


Teepe: eusin 22 | BK LEWIS & Co. Ltd. 


Telegrams: ‘‘ Publicavit, 


Westcent, London” 136 GOWER STREET, LONDON, W.C.I 


D for HEAVY DUTY _ 
ELECTRICAL AND I 


Greater tensile, elastic and fatigue strengths Boner 
than any other non-ferrous alloy, a higher conductivity than | BERYLLLUM COPPER 
any of the bronzes and excellent resistance to corrosion and 
wear—these characteristics of Mallory 73 Beryllium Copper 
have made it first choice for instrument springs, diaphragms 
| and bellows, current-carrying springs, snap action switch Properties of 
blades, contact blades and clips. MALLORY 73 BERYLLIUM COPPER 


after heat treatment 


Supplied annealed or lightly cold worked, it has good 


forming properties and is readily fabricated into springs Ultimate tensile stress 
and parts of complicated shape. A simple heat treatment tons per sq. inch 75-100 


then develops its remarkable properties. eae 5 2 
Limit of proportionality 
tons per sq. inch 47-50 


Fatigue limit 
tons per sq. inch + | 9-29 


Vickers pyramid hardness 


Available as sheet, strip and wire, in a range of tempers to 
suit users’ requirements, and as rod, tube, precision rolled 
hair-spring strip, and silver-faced contact bi-metal strip. 


2 350-420 
Electrical Conductivity 
JOHNSON, MATTHEY & CO. LIMITED, | per cent ILA.C.S. 23-25 
Controlling MALLORY METALLURGICAL PRODUCTS LTD. 
73-83 Hatton Garden, London, E,C.! Full details are given in our booklet, 
Telephone: HOLborn 9277 which will be sent on request. 


| ee aaa 
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AMBRIDGE 
GAS ANALYSERS 


(ELECTRICAL METHOD) 


FIXATION OF ATMOSPHERIC 
NITROGEN 


LIQUID AIR INDUSTRY 


MEASUREMENT OF SULPHUR 
DIOXIDE 


MEASUREMENT OF ORGANIC 
VAPOURS 


MEASUREMENT OF OXYGEN IN 
FEED WATER 


AERONAUTICS 


CONTENTS 


THIS 


AND 


FREE 


THE RUBBER INDUSTRY 


MEASUREMENT OF CARBON 
DIOXIDE IN FRUIT STORES 


PHYSIOLOGICAL APPLICATIONS 


MEASUREMENT OF HYDROGEN 
IN SUBMARINES 


MEASUREMENT OF HUMIDITY 


OTHER «i APPLICATIONS, AND 
- DESCRIPTION OF APPARATUS 


CAMBRIDGE INSTRUMENT. COMPANY LTD. 


_ 13, GROSVENOR PLACE, LONDON.SWI.~ -. 


WORKS: LONDON & CAMBRIDGE. 
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CRYSTAL STRUCTURE OF DOUBLE OXIDES OF 
TAPS PEROVSKTRES LY PE 


By HELEN D. MEGAW, 
Birkbeck College 


MS. received 27 September 1945 


ABSTRACT. The cell dimensions of a number of double oxides belonging to the 
perovskite type have been accurately determined from examination of high-angle lines 
on x-ray powder photographs. The structures found fall into groups, as follows : 


(1) Cubic (ideal perovskite type). This includes SrTiO3, SrSnO 3, SrZrO3, BaSnQOs, 
BaZrOs3, BaThOs ; also BaTiO, above 120° c. 


(2) Tetragonal. ‘This includes the usual form of BaTiO, at room temperature, 
PbTiO, and PbZrO3;. The unit cell is derived from the cubic by simple extension or 
compression along one tetrad axis ; and, like the cubic, it contains the formula number 
of atoms. 


(3) Orthorhombic. ‘This includes CaTiO; (the mineral perovskite), CaSnO3, CaZrOs, 
and CdTiO, (fired above 1100° c.). The structure is derived from the cubic by a shear 
in the (010) plane and a slight extension or compression along the b-axis, giving a 
monoclinic pseudo-cell with a and c edges equal. The lattice is thus actually ortho- 
rhombic, and should be referred to new a and c axes lying at approximately 45° to the old 
in the same plane. There is an observed doubling of the cell edges, attributable to 
changes in some of the atomic parameters. 


(4) Rhombohedral. BaTiO, can be prepared in this form, though the conditions are 
not yet fully established. The pseudo-cell 12 obtained by a very slight compression of 
the cubic cell along the cube diagonal ; the true ‘ell is a multiple of this. 


_ Steric considerations, based on Goldschmidt’s _ ‘nic radii, are used to account for the 
occurrence of the different structure modifications. 


$1. INTRODUCTION 


important structure type, classified as E 21 in the Strukturbericht. ‘This 

is cubic, with one formula—weight per unit cell. A large number of double 
oxides (as well as some iodates and double halides) are classified as belonging to 
this type. Early work on these, by Goldschmidt (1927) and his school, was 
directed to illustrating the two principles which are characteristic of multiple 
isodesmic structures, namely, the dependence of structure type on ionic radii and 
its relative independence of valency. 

There was no emphasis in Goldschmidt’s work on the detailed geometry 
of the individual structures. It was recognized that while some, such as SrTiOg, 
were strictly cubic, others, such as perovskite itself, must from the crystallographic 
evidence be of lower symmetry, though the difference was not detectable by 
x-ray methods; while others again, such as CaSnO;, showed departures from 


a HE mineral perovskite, CaTiO,, has given its name to a very sitmpiceand 
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cubic symmetry in the geometry of the unit cell, Advances in x-ray technique 
in the intervening years now make possible more accurate determination of the 
cell dimensions and a more critical discrimination between the cubic and various 
“deformed ” structures. Some work has already been done along these lines. 
Hoffman (1935) investigated a number of compounds, including some which had 
not been previously prepared, and classified them into “ cubic ”’ and “ deformed ” 
without attempting to describe the deformation in detail. Naray-Szabo (1943 a) 
made a complete investigation of the structure of perovskite, both single crystals 
and powder, and found the structure monoclinic; his results will be discussed 
in more detail later. He investigated a number of other related compounds 
(1943b), distinguishing those which belonged to the same “new type” as 
perovskite from those which were strictly cubic, and showing their relationship 
to cubic ReO; and rhombohedral ScF;. Recently the present author showed that 
BaTiO, possessed a tetragonal modification of the structure (Megaw, 1945). This 
was also found by Rooksby (1945), who gave a brief discussion of some of the other 
non-cubic structures. 

It is clear that this group of compounds includes structures with a very varied 
symmetry, all based on small but completely different modifications of the same 
cubic elementary cell. 

A comparison of the different variants, and an attempt to understand why 
one rather than another should occur in a given case, is likely to be useful in any 
further work on the nature of forces in ionic solids. The first step towards this 
is an accurate determination of the geometry of the unit cells of the different 
structures, which was the object of the present investigation. 


§2. DESCRIPTION OF STRUCTURE 


It seems convenient to define the ter:n perovskite type to include all structures 
which retain a pseudo-cell derived from that of the ideal cubic structure E 21 
by small distortions either of cell e ige or of interaxial angle. The true cell may 
require a doubling of one or mre edges of the psudo-cell, or a different choice 
of axes. When necessarv  e cubic structure E 21 can be distinguished as the 
ideal perovskite type .ooksby suggests that these structures should be called 
pseudo-isom~ ..as, but here the word homotypic is preferred, as it lays emphasis 
on th..cvinmon crystal type, and does not carry the chemical implications involved 
in the use of the older word. 

Compounds belonging to the perovskite type have in general the formula 
ABOs, where the sum of the cation valencies is 6. (ReO,; and WO, may be 
included as extreme cases in which one set of cation sites is completely unoccupied, 
and the sodium tungsten bronzes, Na, WOs, are an important example of a defect 
lattice with variable tungsten valency. Naray-Szabo classes all these as “ sister- 
structures ’’). ‘The present work deals only with the numerous group in which 
A is 2-valent, B 4-valent. 

In the ideal type, the atomic parameters are as follows: 


B 000 
O 400, 040, 004 
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This gives a structure in which the B cations are surrounded by regular 
octahedra of oxygens, which are linked together by their corners to form a three- 
dimensional framework. The A cations occupy the large holes between the 
octahedra, where each is surrounded by 12 oxygens. The A-O and B-O 
electrostatic bond strengths (in Pauling’s sense) are thus % and § or } and 2 
respectively. ‘There are no bond strengths equal to or greater than 1, and hence 
the structure may be classified as isodesmic (Evans, 1939). Chemically this 
implies that the compounds should be described as double oxides rather than as 
titanates, zirconates, etc., but the latter nomenclature is sometimes convenient and 
not seriously liable to mislead. _ Figure 1 (taken from Nara-Szabo’s paper) shows 
the structure. 


ALS On 


@ B** jon 


Oxygens at corners of octahedra. 


Figure 1. Ideal cubic perovskite structure. 


In all the structures investigated, this topographical description remains 
true, though in many of them the framework loses its symmetrical construction. 
‘Two main types of deformation are possible, and may occur separately or together. 


(1) The unit cell changes its shape, by altering either the relative lengths 
of the cell-edges or the axial angle. 


(2) The atomic parameters of some or all of the atoms are slightly altered. 
Since in the ideal structure the atoms are in special positions, slight 
displacement in any direction involves a lowering of the symmetry, and 
in general also a doubling of at least one cell edge. Conversely, a doubled 
cell edge implies atomic parameters different from those of the ideal 
structure. 


In the present work, no systematic attempt has been made to determine the 
atomic parameters, except in so far as the atoms are fixed in special positions by 
the symmetry of the unit cell, though some general conclusions have been drawn 
from the experimental data. ‘The only detailed study of parameters is the work 
of Naray-Szabo on CaTiO,, which is discussed later. 

In table 1 is given a list of all the compounds A?+B**O, of perovskite type for 
which information is available. Some of these are known to be dimorphous, 
and it seems probable that others may be. ‘Thus, CdTi0, has the ilmenite 
structure when fired below 1050°, the perovskite structure when fired above this ; 
BaTiO, is tetragonal at room temperature but changes reversibly to cubic at about 
120°, and also shows the rhombohedral form described later. It is possible that 
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the conflicting reports on PbTiO, are due to the occurrence of two different 
structures. This polymorphism sh ould not be surprising in view of the frequency 
with which it occurs among minerals which have been thoroughly investigated, 
notably TiO, with its three forms, rutile, anatase and brookite. 


Table 1. Classification of compounds of perovskite type 


Cubic Tetragonal BEOTONTOR Rhombohedral No 
; or monoclinic type not known 

SrTiO, (G, H, M) BaTiO, Ia (M) CaTiO,; (B, N, M) | BaTiO, II (M) | PbZrO, (N, H) 
SrZrO, (H, M) PbTiO, (N, M, R) | CaZrO, (RES, M) PbSnO, (N) 
SrSnO, (H, M) PbZrO, (M) PbTiO, (CE) SrCeO, (H) 
SrHfO, (H) CdTiO, (M) CdSn0O, (N) 
BaZrO, (H, N, M) CaSnO, (R, M) 
BaSnO, (N, M) CaCeO, (N) 
BaCeO, (H) CdCeO, (N) 
BaPrO, (H) PbCeO, (N) 
BaThO, (H, M) 
BaTiO, Ig (M) 


Letters in brackets indicate the authors whose classification is quoted : 


G=Goldschmidt, 1927. R=Rooksby, 1945. 

H=Hofimann, 1935. B=Barth, 1925. 

N=Naray-Szabo, 1943. CE=Cole and Hspenschied, 1937. 
M=Megaw, 1946 (present work). RES=Ruff, Ebert and Stephan, 1929. 


§3. EXPERIMENTAL METHOD 


All the substances investigated in the present work were prepared by firing 
together stoichiometric mixtures of the appropriate oxides or carbonates, at 
temperatures specified in each case. No special precautions were taken about 
quenching. 


For the x-ray work, specimens were prepared either by rolling rods froma paste | 


of the material mixed with powdered gum tragacanth, or by filling small celluloid 


tubes (Lonsdale and Smith, 1941). In general, powder photographs were taken }] 


with filtered Cu Ke radiation in a 19-cm. camera; for some of the cubic materials, 
a 9-cm. camera or unfiltered radiation was used. With a Philips sealed tube, run 
at 30 kv. and 20 ma., exposures in the 19-cm camera were from 6 to 15 hours. The — 
photographs were measured with a glass scale, and the spacings calculated by the 
method of Bradley and Jay (1932). No special precautions were taken to allow 
for absorption, and the spacings derived from low-angle lines can therefore not 
be taken as accurate; but they were sufficiently good to index the high-angle } 
lines, and these, using the cos?@ extrapolation, gave very exact values of the cell 
dimensions. For the cubic structure this extrapolation was straightforward; 
for the others, a method of successive approximations was used, as described below. 
Estimates of the intensities were made visually, 


§4. INTERPRETATION OF THE STRUCTURES 


Photographs of typical substances are reproduced in figure 2. It will be 
seem from this that for most of the compounds the main lines (at least at the 
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low-angle end of the photograph) are simply related to the cubic pattern, a single 
line (or z-doublet) of the latter being replaced by a complex group. 

The Akl indices of lines in any group are permutations of those characterizing 
the cubic line, which are known. A survey was made, for each kind of departure 
from cubic symmetry, of the possible permutations giving crystallographically 
distinct spacings in every group. From this the type of multiplet formation to 
be expected could be seen. Part of this survey is given in table 2. Comparison 
of the photographs with this table showed which type of structure was present; 
where the deformation was fairly large, the lowest-angle lines were used, but 
where it was smaller, sufficient resolution was only obtained at higher angles. 
Further refinement was achieved by the use of high-angle lines. 

Some of the substances gave weaker lines intermediate in position between 
those that could be indexed from the small pseudo-cell as just described. These 
could be accounted for by doubling the cell-edges. To retain the pseudo-cubic 
description, all three cell-edges must be doubled ; whether this is in fact necessary, 
or whether the true cell may only need the doubling of one edge, can only be 
determined by an exact indexing of all the lines in question. This has not been 
carried out, owing to the lengthy calculations needed in some cases and the 
ambiguity which results from overlapping. 


§5. GEOMETRY OF THE STRUCTURE AND EXACT EVALUATION OF 
CELL CONSTANTS 
(1) Cubic 
This structure is straightforward, and no discussion is needed. 
‘ (ii) Tetragonal 

This structure is derived from the ideal cubic by a homogeneous extension 
or compression along one axis, which becomes the c-axis. In the substances. 
investigated, there is no evidence of any doubling of the cell-edge; hence the 
atomic coordinates are as in the cubic structure. The general framework of 
linked octahedra round the smaller cations, with the larger cations in the holes, 
remains unaltered. 

For a tetragonal structure, the spacings are given by: 


1 


e+e - 
a 2 


Ankt = 


where c/a=r. Approximate values of c and a may be found by single measure- 
ments of 004, 400, hence giving r. 


2 
Let i+hes 5 =N'=N4+P(S -1): 
r y 
(Cf. h? + k® +12 =N for a cubic crystal.) 
Let r=1+x, where x is small. 


Then N’ = N — 2xl?. 
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Hence, where x? is negligible, 


: P 
a=digy/N nk = Ine VN) (1 ime a era (2) 


Fath: @ojg cee a eat ee 


Considering lines of high angle only, suitable for a Bradley-Jay extrapolation, 
VN’ can be calculated from the known 7, and hence values of a found which are 
plotted against sin?@ in the usual way. An example is shown in figure 3 (a). If 


or, more exactly, 


80 
r Ya = 1 0100 gs 
ES) 70 4 70 
Ss 
I 60 60 ‘2) 
60 9) a 
g Xo 
5 39850 © 3:9850 
(ef, 
op. 
40 40 
© 
30 4 30 
N=22 N=24 N=26 
3-9820 wi 3-9820 
8 9 | 
sin? @ 
Bot . a9 
/o 10098 
: 70 4 
<3 70 
as 
iS 
S) 
si 
S 
Q, 
NM 40+ 40 
© ‘| 
Soi- + 30 
N=22 N=24 N=26 
39820 l | 3-9820 
ate} 10 
sin? 6 


Figure 3. Extrapolation of a against sin? 6 for BaTiO; : 
(a) using value of c/a finally adopted; (6) using incorrect value of c/a. 


Reflections with N=25 are omitted as being less accurately measurable 
owing to their weakness. 


r is accurate, all the points will be on the same straight line ; but if it is inaccurate, 
as in figure 3 (0), a line drawn through points corresponding to the complex with 
a given N will be inclined at an angle to the best line through all the points with 
different N’s. The angle between these two lines is used to correct 7, and a 
second approximation made, if necessary, to obtain the best value of a. The 
method is tedious for a single photograph, but can be systematized and shortened 
where many samples are being examined. In practice, while the above approxi- 
mation (2) served for indexing the lines, the more exact expression (2a) was 
used for calculating the cell dimensions, 
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(iit) Monoclinic and orthorhombic structures 


All the substances in this group that have so far been investigated have a 
monoclinic pseudo-cell derived from the cubic cell by a simple shear, leaving the 
cell-edges a and c equal. Geometrically the lattice thus achieved has ortho- 
rhombic symmetry, and should be referred to new a and ¢ axes, which are 
diagonals of the (010) face of the pseudo-cell, as shown in figure 4 (where the 
B-angle is exaggerated for clarity). 

Some of the evidence on this point is considered later. It is, however, 
legitimate for purposes of calculation and comparison to retain the monoclinic 
pseudo-cell, leaving a transference to the orthorhombic axes to be made when 
required for a full determination of the structure. 

There is also a doubling of the cell-edge, which implies change of atomic 
parameters, but these changes must be fairly small. This is considered in more 
detail later, in the discussion of the individual structures. 


7A 
vA 
a a 
Figure +. Projection of orthorhombic lattice on (010) plane, showing monoclinic pseudo-cells 


(full lines) and orthorhombic cell (dotted lines). 
The angle 8B has been made markedly different from 90° to show up the geometrical relationship. 


The structure remains homotypic with those previously described; the 
network of linked octahedra is retained, though these are no longer regular nor 
symmetrically placed. 

To find the cell dimensions, a method of approximations was used. For a 
monoclinic crystal, 


dj = (h?a*? + k2b*? + [?c*? —2 hla*c* cos B) ai to eee (3) 
where a*, b*, c* are the reciprocal lattice dimensions : 
a*=l/asin 8, b*=1/b, c*=1/esin B. 5 httons (4) 


If a* =c* =rb* (in accordance with observation), 


asin B 


dn = iz : 
uf (+ tT. aul cos 8) 
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Let ING ele 
ye 


=) +P RG -1) 
if 


=-N+K(5, -1) 


and let r= le yawaerey) 1S Sinai 9 9 ee we ces (5) 
Then N” = N —2yR?. 
te a sin B 
Mt 4/(N — 2yk®— 2h cos 8) 
_ asin 6 1 
=n Hl pe Be Pee (6) 
aan ant cos B 


Hence for two planes hkl, hkl, with a mean spacing d, we have 


Fira nna = 2hl 
7 Saye (civ) oe 2) eS ee (7) 


This can be used to calculate. Again, comparing an/k 0 line with the geometric 
mean of an A0/, AO/ pair from the same complex, we have 


me sin 
= (dyno) : Angi)" a Sa 


k2 
Anno =4(1 ~ 7) tere? (8) 


This gives y. 

With the best values of cos 8 and y so obtained, a sin f can be calculated from 
d, 4 for a number of high-angle lines, and the Belo) extrapolation carried 
out to get the correct values. 

All the above work is done with main lines which can be indexed from the 
pseudo-cell, and in fact this indexing is used in tables 6 to 9. It remains to 
identify the extra lines. For this purpose the cell-dimensions are doubled, and 
spacings calculated from (6) for all possible values of hkl; comparison of these 
with the observed spacings serves to index the lines. In a good many cases 
the accuracy was not great enough to do this unambiguously, but it was sufficient 
to show that all lines could be indexed on the assumption of a doubled cell-edge. * 

In practice it was found for all these structures that y was small compared 
with cosf. This can be seen from the photo of CdTiO, shown in figure 2 (f); if y 
were zero, as assumed in table 2, line 8 would be a (visually) symmetrical triplet, 
and the actual displacement of the middle line towards the low-angle side 
indicated a small positive value of y. In CaSnOg, the displacement was towards 
the high-angle side, indicating a negative value. In CaTiO, and CaZrO,, the 
displacement was too small to be observed at these angles, but a small negative 
value of y was required to explain the high-angle lines. 

* In this connection it may be noted that in Rooksby’s photograph of CaSnQy, of the four lines 


marked 111, only the two central ones belong to this complex, the outer pair being extra lines 
requiring a doubled cell, referred to which their indices are 131 +131 and 320+ 230. 
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(iv) Rhombohedral structure 


A rhombohedral perovskite structure, not previously described, has been 
found with BaTiO;. Here the distortion is produced by a compression along a 
triad axis of the ideal cubic cell. . There are extra lines not yet fully interpreted, 
and the true cell is almost certainly larger than the pseudo-cell. ‘The photograph 
is reproduced in figure 2 (g). 

For the rhombohedral structure, we may use a simplified expression for the 
spacing, since the observed departure from cubic symmetry is so small. 

If « is the internal angle between the rhombohedral axes, we may neglect 
terms in cos? ¢ and cos® « and write 


(“ hk+kl+th ‘os 
dja = 2 


a a 
ea hk +kl+ th 
= Fa (1 + BE cos a) algae tone (9) 
Hence aus = < (hth) Lto8as) > pe eee (10) 


whence « can be found. 


Experimental results 
Complete tables of spacings, observed and calculated, will not be published, 
but lists have been sent for inclusion in the A.S.T.M. index. Certain spacings 


used in determining cell dimensions are shown in tables 3 to 9. The values so 
obtained are given in tables 10 to 13. 


Table 3. Barium titanium oxide 


: ; , 0 @ (kx.) 
N I d »S ensity + 
ndices Intensity (Cu Ka, ora) log d (cla= 1:0100--0-0001,} 
323 a, s 64-309 1-:93096 3-98.49 
22 BB ey s 64-620 1-92884 3°9835 
332 a, ms 64-931 1:92981 3:9832 © 
294 a, ms 69-838 1-91322 3-9853 
24. 224 a, m 70-228 1-91323 3:9853 
422 a, s 70-636 1-91105 3-9851 
422 a, ms 71-074 T-91098 39844 
304 a, w 73-430 1-90418 3:9847 
403 a4 Ww 73-928 1-90305 3-9855 
25 430 ag 
500 f™" ie Gm 74-612 1-90161 3-9864- 
hy vw 75-202 1-90148 39852 
105 oy ms 76-956 1-89714 3-9854 
te oy 8 77-805 1-89567 3:9857 
413 ay s 78-565 1-89446 3-9854 
26 43] . 
B01 vs 79-441 1-:89317 3-9856 
431 is 
sol f% s 80-276 1-89312 3-9852. 


Extrapolated, a=3-9860 +0-0500 


= 


Crystal structure of double oxides of the perovskite type 143 


8 


Table 4. Lead titanium oxide 


N Indices Intensity (Cu oo log d nee cere . 
24 429 s 73°38 1-90463 3-8947 
2 |) 408 mw 75-18 1-90079 3-8944 
OBE 115 w 75-83 1-90001 3-8982 
26 314 m. 76-04 1-89913 3°8944 
26 413 s 80-56 1-89201 3-8953 
430 | . ; 
25 500 f w 80-74 1-89181 3-8974 


Extrapolated, a=3-896, +0-001 


Table 5. Lead zirconium oxide 


: A (7 a (Ikx.) 

N Indices Intensitv d 

ie gee (CuKa,) leg (cla=0-988 +-0-001) 

94 422 m 65:53 1:92662 4:1458 
ae 97 T-91017 4:1482 
431 f ms 70:97 91017 ye 
26 413 m 71-68 1-90835 41463 
314 ms 72-18 1-:90711 4-14.80 


Extrapolated, a=4:150, +0-001 


Table 6. Calcium titanium oxide 


: Indices 9 a sin B (kx.) 

N (using Intensity Cae log d B=90° 40’ 
pseudo-cell) (ea) y= —0-0012 
402+ 204 mw 63°77 1-93297 3-8149 

2 2 2 . 

: ’ en ee s 64:46 1-93039 3-8132 
402+ 204 ms 64:81 1-92913 38156 
323 Ww 70-16 1-91232 38149 

22 332-4 233 m 70-44. T-91159 3-8162 
332+. 233 ms 71-45 1-90893 3-8165 
323 mw 71-65 1-90842 3-8173 
423 +. 294 ms 79-33 1-89331 3-8181 

24 243 8 80-14 1-89221 3-8174 
242 mw 81-54 1-89052 3-8173 
422+ 224. m 82-01 1-89001 3-8180 


| eee nEe | Ime CROCE S| CU | et Pe be Ie) eh 


Extrapolated, a sin B=3-8188-40-0008 
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Table 7. Calcium zirconium oxide 


Indices 9 a sin B (ikx.) 
N (using Intensity (Cu Ka,) log d B=91° 43’ 
= uU 
pseudo-cell) oa y= —0:0010 
4954994 m 68-88 1-91595 3-9974 
245 m 69-71 1-93156 3-9976 
24 242 al, : = rn 
= - “32 1-90927 
403-4304 f ae 73 3-9989 
429 -4+994 ms 2-04 1-90743 3-9990 
430 +034 B 3-9990 
2 : 1-90281 
7 340-4043 ; aoe ve 
413+314 m 75:13 1-90055 3-9995 
501+105 E 3-9992 
7.02 $ 
403-+304 si ie eee rit: 
431+134 m 77:36 1-:89643 383-9999 
26 3414143 ms TTT 1-89579 3-9992 
510+015 ms 78-48 1-89459 4-0002 
150+051 ms 78:77 1-89416 4-0002 
3414143 ms 79-64 1-89291 4-0011 
431+134 ms 79-93 1-89250 4:0005 
413+314 s 83-28 1-88875 4-0017 


Extrapolated, a sin B=4-0015+0-0015 


Table 8. Calcium tin oxide 


Indices . 8 ~ asin B (kx.) 
N (using Intensity log d Biles 
pseudo-cell) Kees y= —0-0024 
403+ 204 w 59-74 1:94937 3-9382 
20 4204024 ms 60:84 1-94451 3-9377 
240 +042 ms 60:97 1-94408 3-9392 
402+ 204 _ maw 61-90 1-94023 3-9380 
323 » m 64-93 1-:92872 3-9394 
59 332-4938 ms 65-42 1-92703 3-94.05 
332-4. 233 s 67:30 1-92078 38-9405 
323 s 67-71 -  J-91949 38-9399 
422+ 224 m 71:32 1-:90927 3-94.23 
24. 245 m 72-36 1:90668 3-94.06 
242 mw 74-02 190288 3-9408 
25 304+ 403 ms 74-30 1-:90227 3-9421 
24 4224994 ms 74-63 1-90157 3-94.09 
034+ 4301 7 39411 
25 : 2065 
0434-340 f $ 77:45 1-89626 moaae 
26 3144413 ms 79-10 1-89367 3-9438 
25 304+.403 m 80-84 1-89133 3-94.22 
105+501 m 81-63 1-89041 3-94.20 
26 134+ 431 ms 82-35 188964 3-94.22 
143+ 341 ms 83-09 1-88893 3-9425 


IF | ee | | 
Extrapolated, a sin B=3-9427-+0:001 
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Table 9. Cadmium titanium oxide 


Indices 9 asin B (Ikx.) 
N usin: Int § it = y % 
i ( g ensity (Cu Kut) log d jp AK) 
pseudo-cell) y=+0-0044 
41I+114 - : J 3-7809 
= 59-15 1:9520 
141 ee ne oeed . 13-7797 
18 141 1 es f 37789 
5Q.2¢ . 
330-4033 f = ae! waver’ 13-7812 
411+114 m 66-06 1-94794 3-7795 
240+-042 s 64:97 1:92860 3-7809 
20 420+024 s 65-24 1-92766 3-7825 
4024-204 m 66-48 1-92342 3-7799 
332-233 m 71-15 1-90790 3-7809 
22 8324-232 m 73-11 1-:90489 3-7815 
323 ms 73-81 1:90332 3:7825 
4234224 ae Pheanty f 3°7806 
= 1-3: 1:89073 
24 245 iG = gee s 37856 
249, m 84-72 188761 3-7838 


Extrapolated, a sin B=3-7833+0-001 


Table 10. Cubic structures 


Firing Cell-edge a 


Compound temperature (°c.) (kx.) 


0-001 
0-001 
0-0005 
(001 
0-001, 


SrTiO, 1250 3-897, 


SrZrO, 1250 4-093 

SrSnO, 1380 4.0254 
BaZrO, 1280 4-181, 
BaSn0O, 13060 4-108, 


He HH 


HH 


Table 11. ‘Tetragonal structures 


Firmg | Cell-dimensions : ‘ 
; Vol.)1/3 (ex. 
pope temp. °c.| a (kx.) ¢ (kx.) aig Yb EZ) 
Bariwn titanium oxide 1300 3°9860 | 4:0259 1:0100 +0-0001 39993 +0-0005 
Lead titanium oxide 1180 3:896, | 4:144, 1-063,-+0-001 3:998 +0-001 
Lead zirconium oxide 1250 4150, | 4-100 0-988 +0-001 4-133 +£0-001 
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Table 12. Orthorhombic structures 


Calcium Calcium Calerum Cadmium 
Compound titanium zirconium tin titanium 
oxide oxide oxide oxide 
Firing temp. (°C.) 1500 1500 1400 1200 
Cos B —(-0115-+0-0003 | —0:0300-+0-0010 | —0-0262+0-0005 | —0-0204-+0-0006 
y ~— (00012 +0-0003 | —0:0010 -0:0005 | —0-0024+0-0004 | +0-0044-+-0-0006 
a a sin B 3-818, +0-001 4-001, +0-001, 3-942, +0-001 3°7833-+ 0-001 
very ae ee 
ya ia 
28 a=c 3-819 4-003 3-944 3-784 
BR b 3-815 3-997 3-933 3-800 
DQ 
a oy B 90° 40/-E 1’ 91° 43/44’ 91° 30s 91° 10’ +2” 
al/b=c)b 1-0011 1-0015 1-0028 0-9958 
(vol.)2/8 3°818 4-001 3-940 3:789 
2 A 10-740 11-152 11-034 10-594. 
5 B 7-630 7-994 7-866 7-600 
& S C 10-864 11-492 11-302 10-812 
ri ) 
a 
Ss ROE ‘ 
¢ 5 A/B 1-4076 13951 1-4028 1:3939 
o O/B 1-4239 1-4376 1-4367 1-4226 
Table 13. Rhombohedral structure 


Barium titanium oxide II 
a=b=c=4-0385+0-005 kx. 
“4=90° 19437 
(vol.)2/3 = 4-035 kx. 


So. DISCUSSION OF RESUMES 


Cubic 


‘These need no further comment. 


Tetragonal 


There are considerable discrepancies between the accounts in the BEN 
-of the three substances. 

BaTiO; was said by Naray-Szabo to be strictly cubic, though Goldschmidt 
classed it as only pseudo-cubic, but without further detail. It has been found in 
the present work that while it is normally tetragonal, polymorphous forms (such 
as the rhombohedral one, of which a preliminary account is given here) do occur 
under exceptional conditions, and these are at present being investigated. Only 
structures which exist at room temperature are considered here; it is hoped to deal 
with temperature changes in a subsequent paper. 

The table gives cell-dimensions of typical material, but these are not necessarily 
the same for all conditions of preparation. In most of the material investigated, 
however, only small variations of axial ratio occur, leaving the cell-volume constant, 
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This leaves unexplained the discrepancy between Rooksby’s values of the cell- 
dimensions and those found here, but it may perhaps be due to the polymorphism 
of the substance. 

PbTiO, was originally said by Naray-Szabo (1943a) to belong to the same 
sub-type as CaTiO, (see below) ; but in a later paper (1943b) he showed it to be 
tetragonal, with cell-dimensions substantially in agreement with those found 
here, and space-group Dj,,—P4/mm. Cole and Espenschied found it ortho- 
rhombic, with a=4'000,b = 4-211, c=3-875, a:b:c=0-95: 1: 0-92, and moreover, 
found that it was the only intermediate compound occurring in the system PbO- 
TiO,. PbZrO, was classed by Naray-Szabo with CaTiO,. The material investi- 
gated in the present work gives weak lines besides those due to the tetragonal 
structure; these have not been interpreted, and may be due to other compounds 
formed, to a second structure simultaneously present, or to a doubling of one or 
more of the cell-edges (in which case the dimensions given refer to the pseudo- 
cell). 

Rhombohedral structure 


This was found in a preparation of BaTiO, fired at a high temperature. 
Further work is in progress, and the report here is only a preliminary note, which 
seems desirable in view of the novelty among double oxides of the geometrical 
type illustrated. A rhombohedral perovskite-type structure has been described 
by Naray-Szabo (1943b) for ScF;, with a=4-022 kx. and «=89° 341’, and 
comparison should also be made with NiO, found by Rooksby (1943) to be rhombo- 
hedral with a very slight departure from cubic symmetry. ‘The amount of 
departure from cubic symmetry in rhombohedral BaTiOg, as in the tetragonal 
form, seems to vary with conditions of preparation, and here takes the form of a 
variation in the interaxial angle «. The value quoted in the table is the largest 
observed; against this, another preparation gave a strictly cubic structure with 
about the same cell-volume, which is appreciably larger than that of the tetragonal 
form. 

Monoclinic and orthorhombic structures 

Of the structures tabulated, CaT10, has been investigated by Naray-Szabo 
(1943 a), and CaZrO ; by Ruff, Ebert and Stephan (1929). heir results agree 
with those in the present work within the limits of accuracy claimed. It is 
possible that small variations in the cell-dimensions of different samples may 
exist, as in barium titanate; such a variation is stated by Goldschmidt and Rait 
(1943) to occur when CaTiO; takes up CaO in solid solution. 

Naray-Szabo, using single-crystal methods, determined the atomic parameters 
of CaTiO,. He found that the intensities are consistent with the assumption 
that the cations are not displaced, while the oxygens are displaced in such a way 
as to retain approximately regular octahedra round the 'Ti’s, though leaving them 
tilted relative to one another and making a puckered network. His structure 
is shown in figure 5. \ ; 

The displacement of the atoms from their special positions must be consistent 
with their true symmetry. Naray-Szabo’s set of oxygen parameters has mono- 
clinic symmetry only; however, very slight changes in some of them would give 
orthorhombic symmetry with the new axes postulated above, and it is probable 
that such changes are within his limits of accuracy. 
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It is noteworthy that in all the compounds of this type that have been examined, 
the a and c edges of the pseudo-cell remain equal. No difference is recorded 
by any author, and none was found in the present work, though special attention 
was paid to the point and the technique was such that very small differences could 
have been detected. While the evidence is not final, an orthorhombic 
structure thus seems much more probable, the new [001] and [100] axes being 
the [101] and [101] directions of the monoclinic lattice. 

It was mentioned earlier that the true cell required the doubling of some 
of the edges of the pseudo-cell, but not necessarily all. It is simplest, however, 
to make the provisional assumption that all are doubled, transfer to the ortho- 
rhombic axes, and then look for special absences among the indices of reflexions. 
This has not been carried out in detail; enough lines have been indexed to confirm 
the fact that all can be indexed on this large cell, but the overlaps are too numerous 


Ca?* ion 


@ Ti** ion 


Oxygens at corners of octahedra. 


Figure 5. Structure of CaTiOg (according to Naray-Szabo). 


for completely unambiguous indexing. The available evidence suggests that 
the doubled value of 5 is necessary, and also that of either a or c, possibly both. 
The volume of the true cell is then either 8a? or 16a? approximately. 

While the extra lines, needing the doubled cell, are numerous and of moderate 
intensity for CaTiO;, they are very few and weak for CaZrO, (as can be seen by 
comparison of figures 2{d) and (e), CaSnO, occupying an intermediate position. 
This strongly suggests that they are due to displacements either of the oxygens 
alone or of oxygens and Ca ions, leaving the 4-valent cation, whose contribution 
to the intensity increases rapidly in the order Ti*t, Sn*+, Zr*+, undisplaced from 
the special position it occupied in the simple cell. This agrees with the conclusion 
reached by Naray-Szabo, from detailed work on the atomic parameters in CaTiOg, 
that both cations remain in special positions and only the oxygens are displaced. 

By contrast, there are certain striking intensity relationships in CdTiO3. 
Firstly, the lines needing the doubled cell are prominent at high angles, where 
they are of the same order of intensity as the main lines (see figure 2(f)). This 
implies displacement of the cations from their special positions, as the oxygen 
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contribution could not by itself effect this. Both from the intensity, and because 
the Cd ion is held by weaker electrostatic bond strengths in the structure 
(2/12 for the Cd-O bond as compared with 4/6 for 'Ti-O), it seems likely that it 
is the Cd ions that are displaced. Secondly, the reduction in intensity of “ main” 
lines with high values of orthorhombic / index, (that is, with monoclinic h-/ large), 
and the preponderance with appreciable intensity of “ doubled-cell’’ lines also 
with high orthorhombic /, independently suggest that the atomic displacement 
is along the orthorhombic z-axis, that is, along the long diagonal of the monoclinic 
pseudo-cell. Even without any displacement of the oxygens, this brings the 
Cd ion closer to six of its neighbouring oxygens and further away from the other 
six, thus making a first step towards the attainment of 6-coordination which is 
appropriate to the radius of the Cd ions. Displacements of the oxygens are 
likely to reinforce this tendency. 


§7. CRITERION FOR FORMATION OF DIFFERENT STRUCTURES. 


Goldschmidt (1937) showed empirically that structures having the generalized 
perovskite type occur when the tolerance factor ¢, defined as 


me Rigo 
V2(Rx + Ro) 


{where Ry, Rp, Ro are the ionic radii of the ions A, B, O respectively), lies between 
0-80 and 1:00. Lower values of ¢ are associated with the corundum-ilmenite type 
(a rhombohedral structure). Later authors showed that for values of ¢ at the 
lower end of the perovskite range ‘“‘ deformed ” (i.e. monoclinic or orthorhombic) 
structures occur. 


Table 14. Values of tolerance factor ¢t 


ia Sn4t+ Whine Meters 

Rp (kx.) 

$e aoe) 

(es cy ea es 0-64 0-74 0-77 1-10 

6-coord, 12-coord. 
Ca?t 1:06 1:16 0-89 0-85 0:84 0:72 
Sr2+ 1-27 137 0:97 0-92 0-91 0-78 
Ba?+ 1-43 1-52 1-02 0-97 0:96 0-83 
IP bAr 1-32 1-40 0-98 0-92 0-93 0-79 
Cd?+ 1-08 oa) 0-88 0-83 0-82 0-71 


Table 14 shows the values of ¢t for the compounds under discussion. ‘They 
are calculated from Goldschmidt’s ionic radii except that Naray-Szabo’s corrected 
value of 0:77 kx. has been accepted for Zr** ;_ this value has been confirmed by 
the present work, as appears in table 15. A correction for 12-fold coordination 
has been applied to the Ry, as Goldschmidt’s radii are quoted for 6-coordination ; 
the correcting factor was taken from Pauling’s Nature of the Chemical Bond 


(p. 368). 
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It should be noted that the Goldschmidt radii are valid only to an accuracy 
of 1 or 2%; they depend on the assumption that ions can be treated as rigid 
spheres, which is only true to this degree of accuracy, even when the appropriate 
corrections for coordination number have been made. 

Comparison of table 14 with table 15 shows general agreement with the 
empirical rule; all the compounds observed to have the perovskite structure 
have ¢-values not less than 0-80, and those with the orthorhombic modification 
lie between 0-80 and 0:89. The ¢ value of BaThO, seems rather low for its cubic 
structure, but this is probable due to an incorrect Th** radius (as explained later). 
The lead compounds are slightly anomalous. BaTiO, is unique in having a value 
of / above unity. ; 

The explanation of these relationships may be better seen by consideration 
of the interionic distances A-O and B-O actually observed. ‘These are given in 


Table 15. Different structures observed 


Titanium Tin Zirconium Thorium 
Orthorhombic * Orthorhombic * Orthorhombic * 
Calcium (referred to monoclinic | (referred to monoclinic | (pseudo-monoclinic — 
axes, B=90° 40’) axes, B=91° 30’) with B=91° 34’) 
Strontium Cubic Cubic Cubic = 
Barium rt vance Cubic Cubic Cubic 
: c/a=1-01 
Tetragonal Tetragonal 
Lead ia — eae = 
cla= 1-06 . cla=0-99 
Orthorhombiec * 
Cadmium | (referred to monoclinic = —_ — 
axes, B=91° 10’) 


* For relation of orthorhombic and monoclinic axes, see text. 


table 16, with the sum of the Goldschmidt radii quoted for comparison. The 
figures in brackets for the orthorhombic structures are approximations, based 
on the cubic oxygen parameters. For BaTiO,, figures are also given calculated 
from Naray-Szabo’s parameters (which are probably partly derived from the 
assumption of Goldschmidt’s distance). Owing to the low symmetry there are 
sets of A-O and B-O distances for each substance, and the figures give an idea 
of the range included. 

To realize the significance of these figures, it must Be understood that the 
dimensions of the structure are primarily determined by the B-O octahedra, 
where the strong valence bonds of value 2/3 keep the octahedra as nearly rigid 
units (though they may be tilted relative to each other). The network is only 
stable if the holes are occupied by A cations to restore electrical neutrality. Since 
the valence bonds to these are weak, of value 1/6, the size of A has much less effect 
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on the structure, but it must be small enough to fit in the hole and large enough 
to occupy it nearly completely. From table 16, the reasons for the occurrence 
of the different structures can now be explained in a very general way :— 


(a) In all the cubic structures, the B-O distance is very little Jess than the sum 
of the radii, the difference not exceeding 2%. (An apparent exception is BaThOs, 


Table 16. Interionic distances (in kx.) 


(a) A-O distances. Values for the same ion A derived from different 
compounds are read horizontally. 


Goldschmidt’s Ry +R, 
Titanium Tin Zirconium Thorium (Ra corrected for 
12-coordination) 
Calcium a!) (2-79) (2:83) — 2:48 
: (2:3-3-0) 
Strontium 2-755 2-845 2-894 — 2-69 
i 2-818 
ae ce 2-907 2-957 3-17 2-84 
2-832 
Lead 2-755 2-917 = ses 
2-844 2-934 a- 
Cadmium (2-69) — — — 2-45 
[eS ey | ne eT he eee |S eer ee | ee ee ee 


(b) B-O distances. Values for the same ton B derived from different 
compounids are read vertically. 


Titanium Tin Zirconium Thorium 
: (1-91) ra a - ae 
Jale : 1:97 2-00 
Calcium 1-94_1-96 ( ) ( ) ; 
Strontium 1-949 2-012 2-047 a= 
© . ..04° 
| Barium 1-992 9-054 2-091 2:243 
2-013 
Lead 1-948 << 2-050 — 
| 2-072 2-075 
Cadmium (1:90) — — = 
US LO 1-96 2-06 2-09 2-42 
RytRko 


but the discrepancy may be taken as evidence against the accepted value of the 
Th‘+ radius.) In the same structures, the A-O distance is greater than the sum 
of the radii by amountsup to 10%. These facts tit the above conditions postulated 


for the ideal structure. 
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(b) In the orthorhombic structures, if the oxygens remained in their positions 
of cubic symmetry and the actual cell dimensions were retained, the B-O distances 
would be too small; a uniform expansion, to give the correct B-O distances, would 
leave the A-O distances unduly large. The actual structure retains the normal 
B-O distances, but decreases the average A-O distance (and the cell dimensions) 
by tilting the octahedra, thus abandoning cubic symmetry. In CdTiO, the 
displacement of the Cd ions achieves the same effect. 

(c) Barium titanate deviates from the normal in the opposite direction. ‘The 
A-O distance is Jess than the sum of the radii, the B-O distance greater. In other 
words, the Ba ion is too big for the space available in the normal Ti-O network, 
and a compromise is achieved with some extension of the ‘Ti-O network and some 
compression of the Ba ion. Why the deformation should be tetragonal is not 
immediately clear, but it seems possible that the abnormal volume available to 
the Ti ion may result in the formation of directed bonds.* It is known that the 
interactions of atoms and ions are very sensitive to volume changes. 

(d) The lead compounds are anomalous. ‘The A-O distances are less than the 
sum of the radii; hence one would expect that the B-O distances should be equal 
to or slightly less than the sum of the radu, and that the symmetry should be 
cubic. In fact one Ti-O distance is greater than the sum of the radii, and both 
structures are tetragonal. The explanation may lie in the character of the 
Pb2* ion, in which the inner shells affect the valency; such an ion cannot be 
treated, except very roughly, as an undeformable sphere, and formation of directed 
bonds is very probable, predominating over the purely size effects which determine 
the other structures. 

These explanations of the structure differences are very general, but they 
and the experimental results on which they are based may suggest the lines along 
which further theoretical work could be pursued. 
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ABSTRACT. Measurements have been made of the change of resistance of ferromag- 
netic alloys of high coercivity when exposed to longitudinal and transverse magnetic fields. 
‘The changes in the cases of the permanent magnet materials alni, alnico (cast and sintered) 
and alcomax II are in marked contrast to those of pure ferromagnetic metals. The results 
are discussed on the basis of the domain concept in ferromagnetism. 


SSS IN PRODUC LTON 


EVERAL new alloys of high coercivity and high (BH)msx have become 

available for the manufacture of permanent magnets within recent years, 

but data on their magneto-resistance, i.e., the change of resistivity as a 

function of the magnitude and direction of an applied magnetic field, are not to 

hand. In the present communication an account is given of the measurement of 

the magneto-resistance of some representative materials, together with a discussion 
of the theoretical aspects of the data so obtained. 

It is convenient to take a thin rod of the material whose resistance in the 
unmagnetized state is Rj, and measure the changes AR, and AR, which respec- 
tively occur when a magnetic field H is applied parallel to and perpendicular to 
the long axis of the rod, and to plot the values of AR,,/R, and AR,/R, against H. 
This requires a definition of the unmagnetized state; for present purposes this is 
taken to be the state of the rod when, by means of a magnetic potentiometer, no 
difference of magnetic potential can be found over its length. Unfortunately, 
there is some ambiguity in the matter, since, for example, this result is obtained 
when the magnetic vectors are either all aligned parallel and antiparallel to the 
long axis of the rod, or are all aligned perpendicular thereto, in such a way that 
there is no resultant magnetization. 

Important data for polycrystalline specimens of the ferromagnetic metals have 
hitherto been obtained by Bittel (1938), Englert (1932), Gerlach (1932), McKeehan 
(1930), Obata (1925), and Scharff (1935). A special study of the relation between 
the phenomena and the change of spontaneous magnetization as shown by the 
magnetocaloric effect at high temperatures was made by Potter (1931-32). In 
the case of permanent magnet materials, initial investigations must, of course, be 
confined to room-temperature measurements. 

The former workers have shown that, for a pure specimen of a ferromagnetic 
metal, AR,/R, normally shows a marked initial increase with the applied field ; 
it rises to a2 maximum and eventually decreases linearly with the field, so that in 
very high fields it may become zero and, indeed, change sign. In the present 
work, a specimen of pure cobalt was used for comparison measurements, and the 
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upper curve of figure 1 shows the typical variation of AR,/Ap. When the 
direction of H is perpendicular to the direction of the current in the specimen, the 
values of AR,/R, are at first subject to complications due to the high value of the 
demagnetization field, D.I., but when the demagnetization field is overcome, the 
value AR,/R, falls rapidly with increase in H and finally decreases with the applied 
field at the same rate as AR,/R,, as shown by the lower curve in figure 1. The 
two points nearest the origin on the lower curve lie above the H axis, but this 1s 
merely because the specimen is of finite cross-section and its long axis cannot be 
placed absolutely at right angles to the applied field; consequently, a small 
longitudinal component is always present. 

The main features of the curves of figure 1 may be explained on the Weiss 
domain theory of ferromagnetism, if we suppose that magneto-resistance changes 
occur only when domain vectors turn through angles between 0 and 90° or when 
boundary displacements take place between neighbouring domains whose vectors 
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Figure 1. Cobalt. 


@ Longitudinal field. © Transverse field. 


are perpendicular to one another, and that they do not occur to any marked extent 
when vectors as, for example, those parallel to a direction of easy magnetization 
in a single crystal, turn through 180°. In order that Ohm’s law may be satisfied, 
the resistance of a polycrystalline specimen of a ferromagnetic metal must be a 
function of cos?@, where 6 is the angle between the direction of the current in a 
portion of the specimen and that of the field when saturation conditions set in; 
the bar denotes the average taken over all portions of the specirnen. Hence 
the resistivity of the material may in general be written as 


p=A+Bcos?6, Ste nce lle) 


where A and B are constants. In an isotropic demagnetized state cos?@ would 


have the value 3, giving p=py=A+4B. Under saturation conditions, with 


current and field parallel, we have 


(py )sat =A +B, aerate 4) 
and, with current perpendicular to the field, 


(Pusat = A. seen en(s) 


— 
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Since, in practice, we measure relative changes of resistance only, it is more 

convenient to write for the general case of non-isotropic material, starting from 
po = A + Bcos?6,, 


(=f) B(1—cos?6) re 
Vise sat A =| B cos? 6, Pe a ei 
( 9) — Booby _ = 
\ Ry sat A + B cos? Ay Spero 2 
and (22) (ABs ) ye ee, ee & 
Ko /sat Ro /sat A+ Bcos?6 


whence cos?0, = 1/|1 - (53) | by ee . oye reiterate (7) 
sat 


In the case of isotropic material, it follows that (AR,)sa, should be equal to 
—2(AR,)sat. a8 found by Thiessen (1940) for annealed nickel, and, moreover, 
equation (7) means that (AR,))sa,and (AR,)sa4 must have opposite signs or (ARy sat 
be zero. The value of 6, which is the relative change in resistance when. the 
magnetic state of the specimen is changed from transverse to longitudinal satur- 
ation, is clearly independent of the initial state of the specimen and, practically, 
of the value assumed for pp. It should also be the same for polycrystalline as for 
single-crystal specimens. Positive values of b have been found for all materials 
previously investigated to date. 

It is generally agreed that the intensity of magnetization of each Weiss domain 
may he increased slightly by the application of a strong field, and this provides 
the reason for the linear rates of change of AR,,/R, and AR,/R, at high values of 
the field, as depicted in figure 1. Theoretically, the two rates should be equal, 
and this is obviously the case for the cobalt specimen within the limits of experi- 
mental error. The values (AR, /Ro)sat and (AR,/R5)sat refer to saturation condi- 
tions extrapoiated to zero external field. Consequently, to find the required 
value of (R,/Ro)sat from figure 1, the linear portion of the upper graph must be 
produced to cut the axis of ordinates, since we may neglect longitudinal demagnet- 
ization effects. The linear portion of the lower graph must be produced to cut 
the ordinate at H=2z7/,, where J/, is the value of the intensity of magnetization, 
obtained by producing back the (/, H) curve at high field values to cut the J axis, 
and 27 is the demagnetization factor for a long narrow pyle: or rod mag- 
netized at right angles to its lony axis. 


§2. EXPERIMENTAL PROCEDURE 


Modern permanent magnet materials cannot, in general, be forged or machined. 
They are roughly cast to shape and ground to size. All specimens used in the 
present work were approximately 2-2cm. long and 1 min. square in cross-section. 
A potentiometer method was used to measure relative changes of resistance. ‘The 
specimen was mounted for AR, measurements as follows. Copper end plates 
0:8 mm. thick were screwed flush to the end faces of an ebonite block 1-9 cm. 
long and about 1-25cm. by 1-0cm. in cross-section, Current leads were soldered 
to the plates. The specimen was sunk into a saw-cut made in the common upper 
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surfaces of ebonite and copper plates, so that one side surface of the specimen was 
flush with the ebonite. Electrical connection between specimen and copper was 
made with a minimum quantity of soft solder and designed to give easily if the 
specimen suffered appreciable magnetostrictive change of dimensions. The 
potential leads consisted of thin tinned-copper wires inserted through fine holes 
drilled in the ebonite to lie with their axes slightly to one side of the specimen and 
some 1-8 cm. apart. The wires were pressed into contact with one side of the 
specimen by fine screws which ran parallel and close to the upper surface of the 
ebonite and at right angles to the axis of the specimen. The whole mounting was 
supported between the pole-faces of an electro-magnet, paper packing being used 
to prevent lateral motion and to allow for dimensional changes in the magnet, 
thermal expansion, etc. 

The same ebonite and copper arrangement was used for measurements of 
AR,, but experience showed the specimen to be severely strained unless special 
precautions were taken. Accordingly, the ebonite block was placed horizontally 
inside a frame consisting of two thick vertical iron plates, 2-5 cm. by 2:5 cm. and 
6mm. thick, separated above and below the ebonite by-brass distance pieces. 
The axis of the specimen was parallel to the stee! plates, and the ebonite was fixed 
to one of them only, a smal! air gap existing between the ebonite and the other 
plate. 

A constant current was maintained in the specimen, by balancing the p.d. 
across a standard 1 ohm, in series with the specimen, against a Weston cell. The 
p.d. between the potential leads on the specimen could then be balanced by 
means of a sensitive galvanometer against the p.d. in an adjustable resistance P 
forming part of a potentiometer circuit. The latter consisted of an accumulator 
in series with a fixed resistance of 20,000 ohms and the resistance P, which was 
made up from the following: a dial box resistance, reading to 0-1 ohm, a standard 
1 ohm with shorting plug, two small home-made rheostats of thick copper wire, 
each of about 0-1 ohm resistance, and the necessary leads. The value of P was 
usually between 50 and 120 ohms, and, of course, provided a measure of the 
resistance of the specimen between the potential leads. 

In the absence of a magnetic field, the p.d. between the potential leads on the 
specimen was first fairly accurately balanced against the p.d. in P by adjusting the 
resistances in the dial box, and then more exactly balanced by adjusting the 
copper wire rheostats. The magnetic field was thereupon switched on and the 
resulting galvanometer deflection ¢ was noted; its direction gave the sign of 
AR. ‘The arrangement was calibrated by observing the galvanometer deflection 
D when the standard 1-ohm resistance in P was shorted, whence the value of 
AR/R was given by 8/PD. Checks on this calibration were obtained by shunting 
the standard 1 ohm in the main current circuit with a 50-ohm resistance and 
noting the corresponding galvanometer deflection D’ when 50 D’ should be equal 
to PD. At least four values of AR were taken with the main current in the two 
directions for each chosen value of H. 

The field acting on the specimen when mounted for longitudinal measurement 
was found by means of a small semi-circular magnetic potentiometer of 542 turns, 
each of approximately 10 mm. x 3 mm. in area, with a distance of 1-3 cm. between 
the mid-points of its feet. It was joined in series with the galvanometer used in 
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the AR measurements, together with resistances necessary to permit the range of 
fields to be measured. It was calibrated in the usual way (Bates 1939, 1945), the 
necessary factors required when additional resistances were used being found by 
means of a mutual inductance. In the case of the transverse measurements, a 
small contact search-coil of 17 turns, wound in one layer on a rectangular former 
2-0 cm. long and 2mm. wide, was joined in series with the galvanometer and 
calibrated with the aid of a mutual inductance against a standard search-coil 
used in known magnetic fields. 

Reference has been made to the lack of precise knowledge of the actual distribu- 
tion of domain vectors in a demagnetized specimen. After each individual AR 
measurement, the specimen was demagnetized by reversals and the residual 
field acting upon it was measured by search-coil or magnetic potentiometer. This 
field was caused by residual magnetism in the electromagnet and in the specimen 
itself. It was brought to zero by applying momentarily a neutralizing field whose 
value was found by trial. The first measurements of the residual field usually 
gave areliable indication of the magnitude and direction of the required neutralizing 
field; and greater and greater field currents were switched on momentarily in the 
electromagnet until, finally, no residual field could be detected. Yet, however 
carefully a specimen was initially demagnetized from a given state of magnetic 
saturation, there sometimes occured extraordinary variations in the magnitude 
and direction of the residual field. These were on occasion so large that the 
specimens had to be remagnetized and demagnetized de novo ; accidental 
surges may have played a part here. Other points of interest are described 
under the several headings in the following section. 


§3. EXPERIMENTAL RESULTS 
Cobalt 


The specimens were ground from a sample of No. 12 S.W.G. wire (hard- 
drawn) kindly supplied by Messrs. Brandhurst & Co., Ltd., The sample was 
98-4°% pure, the chief impurities being Ni 0-45, Fe 0-13, CaO 0-23, Mn 0-08, 
C0-19, Zn 0-01, MgO 0-11, SiO, 0-14 and S 0:02 per cent; the loss in hydrogen 
was 0-24 per cent. As mentioned above, the main reason for using cobalt was 
to test the accuracy and suitability of the method for magnetically hard materials. 
The results of figure 1 give b=4-5 x 107°. 


Cobalt steels 


Results for a 15% cobalt steel, used in the manufacture of ships’ compasses 
and made according to the original Kelvin recipe, are given in figure 2; the 
material was kindly supplied by Messrs. Swift, Levick & Sons, Ltd. The 
material gives values of AR, /R, and AR,/R, on opposite sides of the H axis, in 
accordance with theory, with a value of b=2-7 x 10°°. 

Two specimens, I and II, of 35% cobalt steel, kindly supplied by Messrs. 
Jessop & Sons, Ltd., gave the results shown in figure 3. This material has a 
remanent induction of 9350 gauss, a coercivity of 240 oersteds and a (BH)max 
of 0-96 x 108 gauss-oersteds. Both specimens showed very strange demag- 
netization characteristics. Following a set of AR, measurements, a specimen 
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demagnetized by reversals in the routine manner showed only weak residual 
magnetism. Yet on trying to reduce the latter by the momentary application 
of demagnetizing fields of gradually increasing intensity, the magnetization 


H(kilo-oersteds) 20 


Figure 2. Kelvin magnet steel (15% cobalt steel). 


@ Longitudinal field. © ‘Transverse field. 


actually increased to a maximum and then fell to zero. Again, in the case of AR, 
measurements with specimen I, sudden large deflections were often observed 
when the galvanometer was placed in circuit immediately after the field had been 


Figure 3. 35% cobalt steel. 
@ Longitudinal field | A Longitudinal field | 


© Transverse field f >Pecimen:T. /\ Transverse field JS Specimen IT. 


excited. ‘These might be explained on the assumption that the resistance changes 
showed atime lag, probably connected with the strange demagnetization behaviour. 
The values of 6 for the two specimens are respectively 0-75 and 0-70 x 10-3. 
It would be interesting to know whether a steel with, say, 40 per cent of cobalt 
give a value of 6 equal to zero. 


Alni 

The approximate composition of this alloy is iron 59, nickel 24, aluminium 
13 and copper 4 per cent. Specimens were kindly supplied by Messrs. Jessop 
& Sons, Ltd. They gave a remanent induction of 6170 gauss, a coercivity of 
515 oersteds and a (BH) max value of 1-38 x 10® gauss-oersteds. Results of AR 
measurements are given in figure 4. It will be noted that the graphs of AR,/R, 
and AR,/R, both lie below the axis. The value of b is 1-15 x 10-3. 

Little significance is here attached to any difference in slope between the high- 
field portions of the two graphs, particularly as the specimen showed marked | 
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directional effects with respect to the field, especially in the case of the transverse 
measurements, where the values of AR, for a field of given intensity (low) were 
about twice as great with the field in one direction as in the other. The mean 
values of AR,/R, are plotted in figure 4. The directional effect was much less 
Pronounced in the longitudinal measurements, but before commencing a set of 
readings it was necessary to magnetize the specimen in a strong field, say 15,000 
oersteds, and then demagnetize it by reversals, in order to obtain results which 
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Figure 4. Nial or alni. 
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could be reproduced. ‘This was also a feature common to steels containing much 
cobalt, and may perhaps be put forward in support of a suggestion by Brown 
(1945) that very low values of the coercivity of the single crystals of ferromagnetic 
metals, which have so far been investigated, have been obtained simply because 
these crystals have not been placed in a field, say 100,000 oersteds, sufficiently 
strong to break down the domains completely. Throughout the whole of the 
work the importance of demagnetization from high fields was constantly coming 
to the fore. 


Alnico 


The approximate constitution of alnico is iron 54, nickel 17 to 18, aluminium 
11 to 10, copper 6 and cobalt 12 percent. It has a remanent induction of 8200 
gauss, a coercivity of slightly over 500 oersteds and a (BH) max value of 1-7 x 108 
gauss-oersteds. In figure 5 are given the results for a rod of cast alnico, kindly 
supplied by Messrs. Jessop & Sons, Ltd. The graphs make clear the difficulty 
caused in some cases by lack of precise knowledge of the demagnetization field 
appropriate to the transverse measurements. One cannot be much in error in 
taking 27J/, in figure 5 to be the applied field at the point of inflection, 1.e. 5000 
oersteds. This gives the value of b equal to zero, but if we take a lower value 
of 27I, we obtain a negative value of b. At high values of the longitudinal field, 
some uncertainity in the measurements was experienced, suggestive of the 
specimen being unduly strained. 

Two specimens of sintered alnico, kindly supplied by Messrs. Murex Ltd., 
werealsoused. Powdered alnico cannot be sintered, of course, and the specimens 
were made by sintering a mixture of the constituent metals under pressure. 
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Sintered alnico is supposed (cf. Wulff, Powder Metallurgy, Cleveland, 1942) 
to be fine-grained and therefore stronger than the relatively coarse-grained 


cast product. Since it is consolidated by inter-diffusion, it is reported to have 
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Figure 5. Cast alnico. 
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no cracks, “ cold shuts ”, or segregation of impurities at grain boundaries, so that 
there are no consequent poles produced by physical imperfections and a more 
uniform flux distribution can be obtained in the material. 
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Figure 6, Sintered ainico cut from disc. 


® Longitudinal field parallel to face of disc. 
© Transverse field perpendicular to face of disc. 
+ Transverse field perpendicular to side of disc. 


The first specimen of sintered alnico, for which the results are given in figure 6, 
was a rod of square cross-section ground from a disc 2:1 cm. in diameter and 0-15 
cm. thick, sintered under pressure perpendicular to the disc face. It was not 
magnetically tempered during cooling. In figure 6 the encircled points refer to: 
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measurements made with the applied field perpendicular to the axis of the rod and 
to a surface of the rod which had previously formed part of the disc surface, and 
the crosses refer to measurements with the field perpendicular to the axis of the 
rod and parallel to this surface. The two sets of measurements coincide within 
the limits of experimental error, so that no marked difference existed due to 
directional effects associated with the application of pressure during manufacture. 
The most striking feature of the results is, again, the smallness of the value of b; 
indeed, the results represented by the crosses give a small negative value for b. 

The second specimen of sintered alnico was ground from a rod prepared 
under pressure parallel to its long axis; the results are similar to those shown in 
figure 6, the value of b being approximately 0-7 x 10-3. The main difference 
between the results for the two specimens lies in their behaviour in the higher 
fields, and this is attributed to different states of strain in the two cases. 


Alcomax II 


The approximate constitution of this alloy is iron 50, nickel 11-5, aluminium 
8-0, copper 5:5 and cobalt 25 percent. It has a coercivity of 500 to 650 oersteds, 
corresponding residual induction 13,500 to 12,000 gauss and a (BH) max value of 
4-3 x 10° gauss-oersteds, (vide F. Sci. Insirum. 22, 56 (1945)). Its exceptionally 
high coercivity, etc., are obtained as directional properties by a special heat treat- 
ment in a strong magnetic field, after casting. The above values of coercivity, etc., 
are measured for fields applied in the same direction as that in which the specimen 
was placed during this heat treatment. The magnetic properties in the favoured 
direction are obtained, to some extent, at the expense of those in directions 
perpendicular thereto, which are less good. It is reasonable a priorz to suppose 
that in the unmagnetized state the large majority of the magnetic vectors are 
aligned either parallel or antiparallel to the favoured direction. 

Resistance measurements were made with four specimens kindly supplied 
by Messrs. Jessop & Sons, Ltd. ‘The results of figures 7 and 8 were obtained 
with specimens III and IV respectively. In the latter case measurements of 
AR,/Ro in low fields showed marked peculiarities, the sign and the magnitude 
of the deflection 5 depending on the direction of the applied field; these are very 
clear in figure 8. It is possible that these peculiarities were due to the existence 
of (small) regions of exceptionally high coercivity. If one such region had its 
magnetic axis coincident with the specimen, the application of a longitudinal 
field would cause an increase or a decrease in resistance according as the mag- 
netization of the region was decreased or increased respectively. ‘This would 
account for the observed changes in 8. It should be remembered that a weak 
external field would give rise to a big induction inside the specimen. If the 
magnetic axis of the region is not coincident with that of the specimen, then we 
have a ready explanation of the large increase in AR/, R, in low fields as depicted 
in figure 8. 

The suggestion finds support from the difficulties experienced in demag- 
netizing the specimen by reducing its residual field to zero. Usually, the necessary 
opposing field current to be supplied momentarily to the electromagnet could be 
found in a straightforward manner, because with increasing values of the demag- 
netizing field the potentiometer gave smaller and smaller galvanometer deflections, 
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which finally became zero when the correct state was reached. With specimens 
III and IV, however, a strange, rapid motion was superimposed upon the ordinary 
galvanometer deflection as the residual field became small, and it was difficult 
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Figure 7. Alcomax II: specimen III. 
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Figure 8. Alcomax II: specimen IV. 
@ Longitudinal field. © Transverse field. 


to decide when the ordinary deflection was zero. 


necessary to leave a very small residual field unneutralized. The concept of a 


small region of high coercivity is well supported by recent experiments made in 
this laboratory on alcomax magnets (Bates, 1945). 


In fact, it was often found 
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The values of b from figures 7 and 8 are respectively 4-4 and 3:7 x 10-8. There 
are differences in the final slopes of the curves of longitudinal and transverse 
changes, but, in view of the uncertainty concerning the initial states of demag- 
netization, it is not profitable to discuss them at this stage. Resistance and corre- 
sponding magnetization and magnetostriction data for a large number of specimens 
of alcomax II would be necessary, for anyone with experience of high-coercivity 
alloys knows how wide is the variation in properties from specimen to specimen, 
Moreover, a special technique for measuring the slopes alone would have to be 
instituted to give the necessary accuracy. 

It is reasonable to picture a rod formed from an ideal specimen of alcomax II 
as consisting of domains set with their magnetic vectors parallel to the axis of the 
rod, with domain sides likewise parallel to this axis. There should therefore be 
no abrupt change of resistance when a longitudinal field is applied, i.e., the 
linear portions of the upper graphs in figures 7 and 8 would, in these circumstances, 
pass through the origin. In ordinary specimens it is extremely unlikely that the 
magnetic vectors will lie exactly parallel to the geometrical axis of the rod, and 
that the walls of the domains will be perfectly straight and parallel. It is much 
more likely that there will be pockets and protuberances along the walls, which 
will be subject to strong lateral forcés when large fields are applied. In other 
words, the slope of the linear portion of the AR,,/R, graph may be affected thereby, 
and the coarse-grained structure of alcomax is particularly liable to give rise to 
such phenomena. So far, no measurements have been made of magnetostriction 
effects, and these may play a very important part during the initial stages of 
magnetization. 


§4. DISCUSSION 


The interesting fact emerges from these experiments that the resistance 
of every modern high-coercivity alloy here investigated is always decreased by the 
application of a magnetic field, whether parallel or perpendicular to the direction 
of the current, apart from one or two small exceptions to this rule, when very 
small fields are used, which are readily understood. A similar behaviour had 
previously been noted only in the cases of Heusler alloy (Potter, 1932) and copper- 
rich alloys like constantan (Obata, 1925). Now, according to equation (7) above, 
the theory of domain magnetization requires that AR,/Ry and AR,/R, extrapo- 
lated to zero effective field from measurements made in strong fields should have 
opposite signs, which is in. flat contradiction with the experimental data. An 
obvious suggestion to overcome this difficulty is that the magnetostriction 
deformations of the domain boundaries or, possibly, of the boundaries between 
the metal grains, play an important part. Nothing is known about the magneto- 
striction properties of high coercivity alloys, and it may be that their determination, 
now contemplated in this laboratory, will throw light on the problem. 

It is also interesting that in all cases the value of b is positive or zero within the 
limits of experimental error; the one case, alnico, in which there are indications 
that 6 has a small negative value cannot be regarded as a proven exception to the 
rule. Measurements on cast and sintered alnico show nc marked distinguishing 
features, possibly because cobalt is acting as a solvent metal in both types of 
material. It has been pointed out that 6, which denotes the relative change in 
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resistance when the magnetic state of the specimen is changed from longitudinal 
to transverse saturation in the same effective field, should be the same for poly- 
crystalline as for single crystal-specimens. But we now have experimental 
proof that 5 can be zero within the limits of experimental error, and we are forced 
once again to the conclusion that the main resistance changes measured may be 
due to changes in the boundaries between the metal grains. This raises the 
interesting question of the reason for the marked directional properties of alcomax. 
Are they to be attributed to the boundaries between the grains ? 

Following Jones (1945), we may suppose that the boundaries in cast metals 
are likely to be peculiar to the alloy under consideration and likely to consist of 
an arrangement of atoms which is to some extent ordered. The suggestion 
sometimes made that there is a fundamental difference between the nature of the 
boundary in cast and sintered metals finds little or no support from the present 
experiments. 
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ABSTRACT. Recent theories relating to the wave-propagation of acoustic disturbances 
in homogeneous, isotropic porous media are discussed, and expressions are given of the 
wave-equation and for the oscillatory pressure in the material in terms of a “ velocity 
potential of average flow”’. In their most general form these expressions are closely 
analogous to those which correspond to the propagation of sound in free air. The general 
theory 1s expressed in terms of two complex parameters which respectively take the place 
of the wave-length constant and the mean density of the air, which figure prominently 
in elementary acoustic theory. Expressions for the complex parameters are also given in 
terms of the “ effective’ inertia, compressibility and flow-resistance of the material. 

Theory shows that numerical values of the components of the complex parameters 
can be obtained experimentally for practical absorbing materials at a given frequency 
by measurement of the attenuation constant and of the velocity of propagation of sound 
in the medium, together with measurement of the normal acoustic impedance at the 
surface of a sample of the material of effectively unlimited depth. Experimental methods 
suitable for these measurements are described and results of such measurements are given 
for a typical sample of porous material. Validity of the general theory as applied to this 
material is suggested by the good experimental agreement obtained on applying the theory 
to measurements of the normal acoustic impedance of specimens of various finite depths 
of the material. 

From the measured values of the complex parameters referred to above, calculations 
of effective inertia, compressibility and porous resistance are made for the material used 
in the experimental work and the manner of variation of these quantities with frequency 
is deduced. ‘The results throw interesting light on the mechanism of the propagation of 
sound in the material. 


Siae UN GRO DiGi C TON 


HE bulk of the materials used in acoustics for the absorption of sound 

depend for their operation on the viscous dissipation of energy in the air 

contained in pores in the material. From the macroscopic point of view 
these porous materials may be either homogeneous, as in the case of cotton-waste, 
felt or rock-wool, or composite, as in the case of “ acoustic tiles”, which have 
perforated coverings of semi-rigid material. In either case the performance of 
the whole material depends on the manner in which acoustic disturbances are 
propagated in the homogeneous porous medium. In this paper a treatment 
is given, following the lines of those of Wintergerst, Monna, Morse, and others, 
of the propagation of an acoustic disturbance in three dimensions in a homogeneous, 
isotropic porous medium. Experiments made to check the theory are described 
and their results discussed in the light of the theory. 


§2. GENERAL THEORY 


Rayleigh (1929) has investigated the performance of an idealized absorber 
of sound, consisting of a bundle of small tubes (see also Crandall, 1927). He 
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extended the theories of Helmholtz and Kirchhoff that relate to the transmission 
of sound along tubes and was able to deduce a value for the absorption coefficient 
at the surface of such a material in terms of the proportion of the surface area 
occupied by open pores, the radius of the tubes and the physical constants of the 
air. This analysis has provided a qualitative basis on which to found more 
general theories and has led to a number of attempts to give a detailed description of 
the mode of action of materials such as are used in practice. 

Rayleigh’s theory is important in that it shows that a sound wave falling on 
the absorber continues, in part, to be propagated as a wave in the air in the material 
and that the phase velocity of the latter wave is determined by the viscosity as well 
as by the density and the elasticity of the air. Most porous materials used in 
acoustics are composed of an almost random entanglement of fine fibres in three 
dimensions, rather than of a collection of similar parallel tubes, and it is clear that 
detailed conclusions drawn from Rayleigh’s theory would be inappropriate to 
such materials. It remains probable, however, that an acoustic disturbance 
is propagated as a highly attenuated wave of definite velocity through any type 
of homogeneous porous material, and it is demonstrated later in this paper that 
this surmise is correct. Wintergerst (1931), Monna (1938), and others (see 
Morse and Bolt, 1944) have shown that it is possible to remove the restriction 
of a cylindrical shape for the pore whilst still retaining wave propagation in the 
material. These investigators show that the attenuation and phase velocity of 
the wave can be expressed in terms of an effective density and elasticity of the air 
and of a coefficient representing the resistance offered by the material to alternating 
flow. In terms of these parameters, expressions can be readily deduced for the 
absorption coefficient and for the acoustic impedance of the material when sound 
falls normally on the surface. Monna has extended the theory to wave propagation 
in three dimensions for the case of an homogeneous, isotropic material and has 
deduced a wave equation to represent the disturbance. In the present paper the 
results of this three-dimensional type of theory are compared with the practical 
performance of a typical porous material (rock-wool),. 

It is necessary that the parameters used to express the performance of the 
material be clearly defined at once, since it is intended later to make deduc- 
tions about the mechanism of propagation of the sound in a typical material from 
experimentally determined values of these parameters. For this reason the 
theory is briefly outlined below. 

The analysis will be confined, for brevity, to the case of a medium which 
from the point of view of transmission of sound is homogeneous and isotropic. 

The porous type of sound-absorbing material commonly consists of very many 
small fibres or particles which are packed together so as to leave between them 
interconnected air-spaces or pores of irregular shape. A sound wave falling 
on the bounding surface of such a material must necessarily set up disturbances 
not only of the air in the pores but also of the fibres or particles themselves. The 
exact analysis of the performance of such a system would require a knowledge of 
the forces of restraint of the fibres and simultaneous solutions would then be 
required of the two problems: 


(i) the motion of the fibres under the action of the forces exerted upon them 
by the moving air; 


The absorption of sound in a homogeneous porous medium 167 


(11) the motion of the air in the irregular pore space under the combined influences 
of the pressure in the initial sound wave, the movement of the fibres, and 
the inertial, compressive and viscous forces associated with the confined air. 


When framed in this general form, the mathematics are intractable, and simpli- 
fying assumptions must be made in order to obtain a practically useful mathematical 
description of the progress of an acoustic disturbance in the material. 

It is reasonable to suppose that the transmission of motion along the fibres by 
solid conduction is inappreciable, for the rigidity of a fibre is small and the motion 
of a portion of the fibre is localized by the restraint imposed by contact with adja- 
cent fibres. In considering the average motion of the air in the pore space, it 
will be assumed that the effect of the forces due to the presence and the movements 
of the fibres is to modify the effective inertia of the air and to introduce into the 
equations of the motion of the air a dissipation term proportional to the oscillatory 
velocity of the air. 

Let v be the instantaneous velocity of the air in the pore space averaged over 
an area normal to v which cuts many fibres. v may be called the average velocity 
of flow. Let the volume of the air in the pores be P times the total volume, where 
P is a factor less than unity and may be called the geometrical porosity. In unit 
area of any plane in the material, the cross-section of the pore space will tend to 
a constant value A by virtue of the random distribution in space of the many fibres. 
This quantity A is numerically equal to the porosity P, for a slice of thickness 5n 
contains a volume Aén of pore space, and by summing this volume through unit 
distance in the direction n we have P=AX}d5n=A. 

The equation of motion of the air in a small volume dv of the porous medium 
is, if we ignore second-order effects: 


0 
_ grad p. PV =mpyPV 5, ( 


Y Q 
5) +rvPsV, 
and since P= A, this may be rewritten 
0/v 
— grad p= mys, (5) HV ee (1) 


in which m is the ratio of the effective density of the air in the pore space to the 
actual density py of the air, p is the oscillatory pressure in the volume dV and r is 
a resistance coefficient analogous to the flow resistance r’ in Darcy’s empirical 
law for steady non-turbulent flow in porous media, viz. : 


—sorad p=7Vi OC A eee (2) 
Equation (2) becomes equivalent to (1) when acceleration forces are negligible. 


If we express v in terms of a velocity potential of average flow 7, we have 
v= -— grad ¥, v= —grad . For small changes of p and therefore of py, equation 


(1) gives on integration 
Mpy ; 
ee Oe eee (3) 


Let the condensation Spp/p) be represented by s and let « be the effective compressi- 
bility of the air in the pore space; by definition p=«s and (3) may therefore be 


rewritten 


Ks = Bob try. sates 4) 
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The equation of continuity is 


Apo uae 
ars +p) divv=0, 
Lees 
pe WA = Osr8 Ns cee (5) 
ar ; 
Substituting for s in (5) from (4), 
va (Peg =i) 2) (6) 
K K 
If % varies periodically with pulsatance w, (6) may be rewritten 
Vuh heb 0,9 a) Ae (7) 


where 
mpyw? .rPw 


hi2 


K K 


The expression for oscillatory pressure in the pore space is given in terms of 
# by (3), which becomes for periodic motion 


[De (“# -j7)d 


Frcs 
=a5h 
and if we write 
hex : 
[i wale eet Pie te oe (8) 
we have 
PH pti) 7 eee (9) 


Equations (7) and (9) suffice to describe any periodic acoustic disturbance in the 
porous medium and are analogous to the well-known equations for the propagation 
of unattenuated waves in a gas 


V6+23=0), 1 ee (10) 
a Mee RM (11) 


in which ¢ is the velocity potential:and k is the wavelength constant. 


and 


§3. DETERMINATION OF THE MAGNITUDES OF h& AND p’ FOR A 
TYPICAL POROUS MEDIUM 

The equations (7) and (9), which with the requisite boundary conditions define 
the sound field in the medium at any one frequency, involve the values of # and p’ 
for the medium. ‘These parameters are in general complex, and the magnitudes 
of their components depend on the working frequency. A primary concern 
in the experimental work described below has been to determine the magnitude 
of these parameters and the manner of their dependence on frequency for a typical 
homogeneous porous material. The material used for the tests is a variety of 
rock-wool known commercially by the trade name of Stillite (bulk density 0-080 
gm./cm?) ‘The material possesses good homogeneity and proves to be reasonably 
isotropic in its acoustic properties. 
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From the experimental point of view the work divides into two parts. The 
first part involves the determination of the propagation constant associated with 
the passage of a uniform plane progressive wave in the porous material. The 
second part involves the measurement of the acoustic impedance at the face of a 
substantially unlimited depth of the material. From the former measurements 
h is obtained and from the latter p’/h. The two types of measurement are quite 
different in nature and the description of the experimental work must therefore 
be divided into two parts. 


Experimental determination of the propagation constant in rock-wool 


The parameter / describes the spatial variation of the acoustic disturbance in 
the medium. Thus for a uniform, progressive, plane wave in rock-wool, the 
velocity potential % of the average motion in the pores can be written 


podkexp(—jhx).exp(jot), ~~ = ——seeure (12) 
where x represents distance in the direction of propagation of the wave. In 
current terminology the quantity jh is called the propagation constant of the wave. 

If we write jh=a+jB i.e. h=B—ja and rearrange (12) we have 


b= by exp (—ax).(J[wt — Bx), 
and it becomes apparent that the real part of jf is the attenuation constant of the 
wave and the imaginary part of jh is the wavelength constant, 27/A, of the wave 
in the rock-wool. ‘The experimental determination of h therefore reduces to the 
determination of the attenuation and of the wavelength of a plane progressive 
wave in the rock-wool. 

The measurements were made by setting up a progressive sound wave in a 
tube filled with rock-wool and exploring the sound field by means of a “ probe- 
microphone”. ‘The decay of intensity with distance provides a measurement 
of the attenuation constant «. The change of phase of the oscillatory pressure 
with distance provides a measurement of the wavelength, and therefore of f. 
The combination 8 —7« then constitutes the quantity h. | 

A diagram of the apparatus is shown in figure 1. The specimen (R) of 
Stillite was in the form of a prism of 5-08 cm. square cross-section and 30-5 cm. 
long which was mounted at one end of a square tube of metal of length 91-5 cm. 
Sound from a moving-coil horn-type loudspeaker unit (Vitavox type: N) (L) 
was led to the specimen through a rubber pipe and an initial short flared horn (P), 
made by moulding Plasticene into the first 5 cm. of the square tube. ‘The remain- 
ing 55-9 cm. length of the tube was filled with an additional, similar specimen of 
Stillite. The absence of discontinuity in the long length of Stillite in the tube 
allows a sound wave from the source to pass without backward reflection, well 
past the measurement specimen. The length of the terminating specimen was 
chosen so as to ensure that a reflected sound wave from the far end of the tube is 
sufficiently attenuated for its amplitude at the measurement specimen to be negligible 
compared with that of the forward wave. The sound wave, which has a substan- 
tially plane wave-front because of the smallness of the transverse dimensions of the 
tube in relation to the wavelength, is therefore effectively a single progressive wave 
travelling away from the loudspeaker. The exploring microphone (M) consists 
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of a heavily encased piezo-electric microphone (rochelle-salt, with conical dia- 
phragm) to which sound is led through a metal “ probe-tube”. The electrical 
output from the microphone, which is proportional to the acoustic pressure at 
the mouth of the probe, is amplified, filtered by means of an electrical analyser (B) 
(Churcher and King (1934)) so as to remove such unwanted higher harmonics 
and any interference as may exist, and measured by means of a rectifier-type, 
moving-coil voltmeter (C). The voltage measuring equipment was calibrated by 


Cc 


Gia =, 


Figure 1. Apparatus for measurement of propagation constant. 


means of a known voltage supplied from the oscillator via a potentiometer to the 
input terminals of the amplifier. 

The probe microphone was mounted on a trolley so as to allow the exploring 
end of the microphone tube to travel freely through the Stillite in the direction of 
the axis of the tube. The position of the orifice could be measured to within 
1/10 mm. at the trolley by means of a reference scale. A view of the orifice end 
of the probe-tube is shown in figure 2; A is a bullet-shaped plug fitted into the 


Figure 2. Orifice of probe-tube microphone. ‘ 


end of the tube and 5 is one of two symmetrically placed slit orifices which were 
made by sawing part way through the wall of the probe-tube P. The bullet-nose 
pushes aside the porous material as the probe enters the medium and the porous 
material falls back substantially to its initial position on withdrawal of the probe. 
In the initial stages of the work the probe was used as an open-ended tube, without 
the bullet-nose, and gave sets of readings which could be continually repeated 
by retraversing the length of the specimen. The bullet-nose was found, however, 
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to damage the specimen less and was therefore used in the main work. Pre- 
liminary tests with open-ended probes of different external diameters (stainless 
steel tubes) respectively as follows: (a) external diameter 0-318 cm., internal 
0-214 cm. ; (6) external 0-241 cm., internal 0-165 cm., gave results for the attenua- 
tion constant at a given frequency which were in close agreement (e.g. within 
1 per cent at 200 c/s.) and this agreement is alone sufficient reason for assuming 
that the presence of the exploring tube has negligible effect on the field and that 
the microphone pressure is a correct indication of the pressure of the wave in the 
porous medium. 

The vertical walls of the main experimental tube (W in figure 1) are made of 
brass of section 5-08 cm. by 1:27 cm. and the tube is completed by removable 
top and bottom covers of steel 0-63 cm. thick which are clamped with inter- 
mediary thin cork gaskets to the brass walls. Suitable holes, which can be 
tightly closed with screws, are provided at appropriate intervals in the walls and 
the cover plates so as to allow a probe microphone to be used to explore the trans- 
verse sound field in the duct. When in use the tube and loudspeaker were 
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Figure 3. Apparatus for measurement of acoustic impedance. 
carefully inspected so as to ensure no appreciable leakage of sound through crevices 
in the apparatus either out of or into the apparatus. 

Determinations of the attenuation constant were made from the slope of a 
graph of the pressure, on a decibel scale, plotted against distance ; thus an 
attenuation of Y db./cm. corresponds to an attenuation constant « given by 
a =2-303Y/20 cm-1 The wavelength of the sound in the porous medium was 
determined from the rate of change with distance of phase of the pressure at the 
probe mouth. The phase changes were determined with the aid of a Cossor 
double-beam cathode-ray oscilloscope (D) which was connected so that one 
pair of vertical deflection plates was operated by a voltage fed direct from the 
oscillator (A) and the other pair operated by the amplified voltage from the micro- 
phone. The former voltage was used to control the time base in such a fashion 
that each screen trace contained three half-cycles—as shown in figure 1. The 
voltage from the oscillator provides, of course, areference trace of fixed phase, and 
this trace remains in position on the screen throughout each set of measurements. 
The trace due to the microphone pressure therefore moves across the screen as 
the microphone moves along the axis of the main tube. This particular kind of 
pattern was chosen because the doubling-back of the trace on itself provides in 
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general for each trace three sharp intersections whose lateral positions on the 
screen are quite independent of the intensity of the deflecting voltage. Any one 
of these intersections therefore provides, for each of the two voltages, a convenient 
reference point in the pattern by means of which the relative movement of one 
pattern past the other can be measured. ‘The interval between successive 
intersections on the screen represents 180° of phase change of the corresponding 
voltage. A movement of one-half wavelength of the probe orifice causes one 
screen pattern to move until one intersection of the trace is replaced by an adjacent 
intersection. 

The form in which the theory has been cast earlier in this paper is appropriate 
only to materials which are isotropic in their acoustic properties. Many commer- 
cial porous materials, and this includes Stillite, are normally provided in sheet 
form and some degree of anisotropy is introduced in the manufacturing process. 
The measurements described below of the propagation constant in Stillite were 
therefore made for waves propagated in each of two directions: (a) parallel to 
a line in the surface of the sheet, (b) normal to the surface of the sheet. 


Results of measurements of propagation constant in rock-wool 


The specimens of Stillite were prepared as follows. Ten blocks of the material, 
each in the form of a cube of 5-08 cm. side, were cut with the appropriate common 
orientation from the centre of a 7-62 cm. thick sheet of Stillite. The cubes were 
weighed separately and their bulk densities determined, and of the ten, six were 
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Figure 4. Variation of intensitv and phase with distance for a wave propagated in a 
typical porous medium. 


chosen, of closely similar density (range: 0-079 to 0-088 gm./cm$), to form the 
measurement specimen. The 5-08 cm. cubes were first arranged in the main 
tube to form a specimen of type a; that is, the axis of the tube corresponded to 
a direction parallel to a line in the surface of the original sheet. ‘Typical curves 
are shown in figure 4, for a frequency of 1500 c/s., of the variation ‘of intensity 
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on a decibel scale (curve A) and of phase (curve B) with distance through the 
sample. In each case the curve is a straight line, whence it follows that the sound 
is propagated with a constant phase velocity and with a constant attenuation 
constant. ‘Table 1 and figure 5 show the results for the attenuation, expressed 
in db. per cm., and for the phase velocity for frequencies from 200 to 4000 c/s. 
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Figure 5. Attenuation and phase velocity of sound in a typical porous medium. 


The values of « and of 8 calculated from these measurements for this direction 
are shown in table 2, columns 2 and 4 respectively. Each separate cube was 
then turned in the tube through a right angle so as to form a specimen of type b; 
that is, the axis of the tube then corresponded to a direction normal to the surface 
of the original sheet. The corresponding measurements of « and of 6 are shown 


Table 1. Attenuation and phase velocity of sound waves in rock-wool 


Stillite 0-080 gm./cm? 


Frequency Attenuation Velocity of propagation 
(c/s.) (db./cm.) (m/s.) 
a b Mean a b 
100 0-301 0-368 0-344 — 120-0 
200 0-452 0-546 0-499 151-6 137-9 
400 0-623 0-693 0-658 196-0 188-2 
800 0-800 0-937 0-868 236°5 228-0 
1500 1-067 LOG 1-142 259-5 25355 
3000 1-376 1-583 1-479 295-0 283°5 
4000 1-568 1-736 1-652 _ 286-0 


a denotes a direction parallel to surface of original sheet of material. 
b:denotes a direction normal to surface of original sheet of material. 
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in columns 3 and 5 in table 2. The combination « +/f of the above data gives the 
propagation constant in the appropriate direction on the Stillite. The combina- 
tion 8 --jz of the data gives the appropriate value of the quantity / of the theoretical 
analysis. 

The measurements of frequency were made by comparison of the working 
frequency with a standard frequency of 1000-0 c/s. from a Sullivan valve- 
maintained tuning fork, with the aid of the Cossor double-beam cathode-ray 
tube. 


Table 2. Attenuation constant and wavelength constant 
for sound waves in rock-wool 


Stillite 0-080 gm./cm? 


Frequency Attenuation constant Wavelength constant 
(c/s.) (Grige) (radians/cm.) 


n 10-4 O21) Mean 


Omera 10-2 b Mea 

100 ' 3-46 4-24 3-85 = 5-24 = 

200 5-21 6-29 5-75 8-29 9-11 8-70 

400 TAF 7-98 7-59 12-82 13-35 13-09 

800 9-21 10-78 10-00 21-25 22-05 21-65 
1500 12-28 14-00 13-14 36-32 37-18 36-75 
3000 15-84 18-22 17-03 63-89 66-49 65-19 
4000 18-05 19-98 19-01 ne 87-87 = 


a denotes a direction parallel to surface of original sheet of material. 
b denotes a direction normal to surface of original sheet of material. 


The velocities of phase propagation in the Stillite shown in columns 4 and 5 
of table 1 are obtained by dividing the pulsatance w by 8. The results show 
that the velocity of sound in the medium is substantially less than the velocity of 
sound (345 m./sec. at 22° c.) in free air and at 200 c/s. is indeed less than one- 
half of the free-air velocity. ‘The measurements show some degree of acoustic 
anisotropy of the bulk material. 


Experimental determination of the characteristic impedance in rock-wool 


‘The characteristic acoustic impedance of a medium is the ratio of oscillatory 
pressure to oscillatory velocity in a progressive plane wave in themedium. Since 
the velocity potential for such a wave is given by an expression of the type 


= hy exp ( —jhx) exp (jot) 


for a wave in the direction x, the expression for the characteristic impedance Z, 
can be obtained with the help of (9) above. Thus 


7 Os ; Os Ors 
S | Ox Ce Ot] Ox 
=p'w/h. sees (13) 


The acoustic impedance at the surface of a block of the porous medium of 
substantially unlimited depth is clearly identical with the characteristic impedance 
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of the medium: the experimental methods available for the measurement of 
acoustic impedance therefore lead to the determination of p’/A and thus to p’. 

The apparatus used for this measurement of impedance has been described 
elsewhere (Scott, 1946). It is a form of the apparatus devised in 1913 by H.O. 
‘Taylor for the measurement of absorption coefficients of acoustic materials and 
developed by Paris for the measurement of acoustic impedance. The method 
involves the investigation of the stationary-wave pattern set up in a tube, driven 
by a source of sound at one end and terminated by the flat surface of the sample 
at the other end. The sound field along the axis of the tube is explored by means 
of a probe microphone which receives sound from the field through a tube of 
small diameter. The ratio of maximum to minimum pressure and of the 
position of the first minimum relative to the face of the sample are determined 
and the resistive (R) and reactive (Y) components of the acoustic impedance 
are obtained from the results. 

The apparatus has been designed in particular to provide sound waves of 
high uniformity in the tube and to allow precise measurements, i.e. to within 
0-1 mm., of the position of the minima. In interpreting the results, the effect of 
attenuation in the tube in modifying the positions and magnitudes of the minima 
has been considered and corrections applied where necessary. Experience 
with the apparatus has shown it to be convenient and reliable in use. Measure- 
ments made on different occasions on a particular sample show a consistency of 
1 to 2 per cent for both resistive and reactive components. Specimens for use 
in the apparatus must be cut in the form of cylinders 4-45 cm. in diameter so as to 
fit the tube. ‘The material was cut carefully with a flat terminating surface 
normal to the axis of the cylinder and was positioned carefully in the tube. 

A diagram of the apparatus is shown in figure 3. A is the source of sound, 
B the tube in which the stationary wave is formed, C is the sample of material 
backed by a heavy brass piston D, E is the microphone and F the orifice of the 
probe-tube. The position of the orifice of the probe-tube is determined by means 
of the scale G located near the microphone. 

For the measurements of the characteristic impedance of rock-wool, the 
six specially chosen cubes of Stillite used in the measurement of propagation 
constant were divided into two sets of three. From the specimens of the first set, 
cylinders 4-45 cm. in diameter and 5-08 cm. long were cut, with the axes of the 
cylinders along the direction a referred to in the earlier experimental work. 
From the specimens of the other set, similar cylinders were cut with axes along 
the directionb. The three specimens with the a axis were then fitted in one end 
of the cylindrical specimen tube (27-4 cm. long) of the impedance-measuring 
apparatus so as to present a total depth of material of 15-24 cm. The results 
of the measurements of « already quoted, show that even at 200 c/s. a wave 
passing into the specimen and reflected completely at the far end would be 
diminished in amplitude to one-sixth on rearrival at the beginning of the specimen. 
The 15-24 cm. depth of Stillite was backed by a long (25 cm.) cylinder of similar 
material cut from the original block, though not as carefully selected; this 
continuation therefore largely suppresses any tendency for a reflected wave 
in the specimen to affect the sound field in the measurement tube of the impedance- 
measuring apparatus. This 15-24 cm. length of Stillite with the Stillite backing 
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therefore behaves to a sound wave incident on an end surface, substantially 
as an infinitely deep specimen. The real and imaginary components of the 
acoustic impedance at the surface of the composite specimen were measured 
at frequencies in the range 200 to 4000 c/s. and the results are shown in columns Zz 
and 5 in table 3. ‘The three component specimens which had been cut with 
axes in the a direction were replaced by the cylinders cut with axes in the 
b direction. The real and imaginary components of the impedance were 


measured for this sample and the results are shownin columns 3 and 6 of table 3. 


Table 3. Characteristic acoustic impedance for sound waves in rock-wool 


Stillite, 0-080 gm./cm? 


Frequency Resistive component Reactive component 
(c/s.) R x 
a b Mean a b Mean 
100 Cc’) Doi 96°5 TAS) S008) 80-9 
200 74-9 WMS Agri Syl eil 50-7 50-9 
400 62:2 61-7 62-0 315A 31-6 31:8 
800 59-2 53° 56°5 19-4 18:5 19-0 
1500 52°8 49-5 Aer? 12-5 Mes Ee 
3000 50-8 48°3 49-6 5-4 4-1 Ae 
4000 le 48-2 49-7 4-8 5-0 4-9 
5000 49-2 47-6 48-4 2-0 1-4 key) 


a denotes direction of propagation parallel to surface of sheet. 
b denotes direction of propagation normal to surface of sheet. 


Comparison of the measured values of acoustic impedance of the bulk material 
for the two directions a and b in the original sheet again shows acoustic anisotropy 
of the Stillite. Since the anisotropy is small, both in the measurements of the 
propagation constant and of the characteristic impedance, mean values have been 


used in the comparison, which follows, of the experimental results with the 
theoretical analysis. 


§4. GENERAL DISCUSSION OF EXPERIMENTAL RESULTS 


The measurements of attenuation and of velocity of propagation of sound 
in the Stillite allow us to calculate h at the appropriate working frequency, 
and the measurements of the characteristic impedance of the Stillite allow us 
to deduce the corresponding value of p’.. The values of the parameters h and p’, 
determined in this manner, are shown in table 4; these values are calculated 
from the mean of the measurements in directions a and b of « and of 8B. It should 
be remembered that for the propagation of sound in free air, # becomes the 
wavelength constant usually denoted by k (=27/wavelength in free-air), and 
that p’ becomes py (=0-001205 gm./cm®, for these measurements). ‘These 
quantities have been entered in table 4, columns 6 and 7, for purposes of com- 
parison with f/ and p’. 3 

In the work described above, it has been assumed that acoustic disturbances 
in porous materials can be represented completely by two parameters hf and p’, 
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and it has then been shown experimentally, for the particular case of a variety of 
rock-wool, how measurements of these quantities may be obtained for frequencies 
in the range 200 to 4000 c/s. If the initial assumptions are true, it should now 
be possible to calculate, for example, the acoustic impedance Z, of a layer of known 
thickness (2) of this material—Stillite—when backed by a substantially rigid 
backing. ‘Thus it is easy to show (Scott, 1946 a) with these assumptions that 


, 
w 


Z,=Z, coth (jhl) =" coth (hl). 

Using the values of p’ and A of table 4, Z, has been calculated for thicknesses 
of 2:54, 5-08 and 10:16 cm. from this formula, and the calculated values are 
shown in figure 6, plotted against frequency. Corresponding measurements 
of Z; were made with the impedance-measuring apparatus, on the samples used 
earlier for the determination of p’ and h, and these are plotted in figure 6. 

At frequencies of 400 c/s. and above, the agreement between measured and 
deduced values of Z; is excellent. At 200 c/s. the agreement, particularly 


Table 4. Experimental values of parameters / and p’ for rock-wool 


Stllite 0-080 em./cm? 


Frequency h jor h | 

(c/s.) Real Imag. Real Imag. ; 
200 0-0870 —-0-0575 0:002734  0-:006870 0:03642 0-001205 
400 0-1309 —0-0757 0:002669 0-003527 0-07284  0-001205 
800 0-2165 —)-:0100 0-002057 0-001941 0-1457 0-001205 
1500 0)-3675 —-0-1314 0-001831 O-OOMT/SmnO 2732 0-001205 
3000 0-6519 —(0)-1703 0-001672 0-000611 0:5463 0-001205 
4000 0-8504 —0-1901 °0-001645 0-000542 00-7284 0-001205 


in regard to the resistance, is not so good. It is probable that this discrepancy 
is due to experimental error in the measurement of /, since accuracy of measure- 
ment of the wavelength constant 6 was limited by the shortness, in terms of 
wavelength, of the specimen used. 

The magnitudes of the attenuation and of the velocity of propagation of sound 
in the rock-wool are of interest in themselves to all who use such acoustic materials. 
Porous materials are most commonly used in acoustics for the production of 
wall linings which possess a low coefficient of reflection, and this property of the 
lining depends at least as much upon the characteristic impedance of the medium, 
which together with that of the air determines the amplitude of the wave 
immediately reflected from the lining surface, as upon the capacity of the medium 
itself to absorb energy. A secondary, and at the moment much less common, 
use of porous materials is for the purpose of sound insulation. For this latter 
purpose, the important factor is the ratio of the sound pressures on two sides 
of a given layer of the material and this is primarily dependent on the attenuation 
of sound energy in the material. ‘The measurements of attenuation recorded 
in table 1 show rates of attenuation which, when converted to the appropriate 
units, correspond to 30 db. per foot thickness of the layer at 1000 c/s. 
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Rock-wool of the density (0-080 gm./cm?) used in these tests is not particularly 
useful as an insulating partition, except at high frequencies in the acoustic range. 
Similar tests which have been made during the present investigation of more 
tightly compressed material of the same type, show much higher attenuation, 
e.g. for Stillite of density 0-384 gm./cm.® the attenuation is 75 db./ft. at 200 c/s. 
and 120 db./ft. at 1000 c/s. 

The measurements of the velocity of propagation of sound in.the porous 
material are particularly interesting. At frequencies of 100 c/s. the velocity 
is about one-third of that for free air (345 m/s. under corresponding conditions), 
whereas at frequencies in the region above 4000 c/s., the velocity in the Stillite 


Shillite = 50 1b {FEF 
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Figure 6. Comparison of measured and calculated values of acoustic impedance of 
rock-wool samples of various thicknesses. 


approaches that in free air. This considerable dispersion of velocity with 
frequency is closely analogous to anomalous dispersion of light and is, indeed, 
commonly found in cases of wave-propagation in dissipative media. It is of 
interest to compare the directly measured values of the velocity of sound in this 
sample of rock-wool with the rough estimates of the velocity of propagation of 
sound in felt as made by Crandall many years ago from an analysis of 
W. C. Sabine’s measurements of the absorption coefficient of layers of wool-felt 
(Crandall, 1927). Crandall obtained values ranging from 91 m/s. at 480 c/s. 
to 127 m/s. at 2048 c/s. ‘These results show the same upward trend of velocity 
with rising frequency as has been measured in the present work. 
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§5. INTERPRETATION OF THE MEASURED VALUES OF f AND OF 
P’ IN TERMS OF THE GENERAL THEORY 

In the theory of Monna, Wintergerst and others which has been outlined 
earlier in this paper, it has been shown that with certain simplifying assumptions 
it is possible to construct a wave equation for the propagation of sound in 
a homogeneous, isotropic porous material in terms of parameters P, m, « and r 
which represent respectively the geometrical porosity factor, the effective mass 
of the contained air, the effective compressibility of the contained air and the 
porous resistance for alternating flow of the material. 

The geometrical porosity factor P can be determined by direct methods. 
For example, if pz is the bulk density of the material, measured in terms of the 
weight of a specimen of known volume, and if p, is the density of the material _ 


Table 5. Calculated values of parameters m, 1, 
||, amp « and |y’| for rock-wool 


Stillite 0-080 gm./cm?* 


Frequency r s amp. K F 
(c/s.) oe (gm.cm.* sec;) | ; | (degrees) | 4 | 
200 2:20 8-63 1-041 —1:-4 1-03 
400 HE Ss 8:86 1-131 +2:°8 ee 
800 1-66 9-76 1:218 + Oe3 1-20 
1500 1-47 11-06 1-232 + 6:6 122 
3000 135 11-52 1352 +92 ESS 
4000 ies 13-62 1-397 +70 1-38 


of the solid fibres determined on a crushed specimen with the aid of a specific- 
gravity bottle, the porosity P which is defined as the proportion of the voids 
to the total volume is given by 


P=(p;—pz)/ps=1—pa/ps. 


The mean bulk density of the samples of Stillite used in the experimental work 
is 0-080 gm./cm? and the density of the fibres 2-65 gm./cm?, whence P=0-970. 

The experimental determinations of h and of p’ for the porous material, 
allow the calculation of the values of the parameters m,« andr. ‘Thus 


muw*p, ,wrP 


We , 
K K 
,_ Kk (mw py .wrP\ mpg. 7 
i a) oA, ny lao Te 
Hence 
k= Pop’ /h?, 


m= Real part of Pp'/pp, 
y= Imaginary part of p’w. 
These quantities have been calculated from the data of table + and are shown 


plotted against frequency in figure 7. None of these quantities remains constant 
as the frequency is varied. At low frequencies (200 c/s.) the effective mass 
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of the air in the pores of the material is roughly double that of a similar quantity 
of unrestricted air. At higher frequencies (3000 c/s.) the effective mass decreases 
and, indeed, approaches the value appropriate to unrestricted air. The value 
of r, the effective porous resistance coefficient of the material, increases with 
frequency. At 200 c/s. r has a value (8-63 gm. cmz? sec>1) which is closely 
the same as the steady flow porous resistance coefficient (8-6 gm. cm-* sec-+) 
of Darcy’s law. The latter coefficient was determined by measuring the pressure 
differences across samples used in the earlier tests, for known rates of flow of air 
through thesample. The velocity of flow was never allowed to exceed 1-1 cm./sec. 
which is a velocity of about the same order as the oscillatory velocities in the 
sound wave during the acoustic measurements. ‘The relation between pressure 
difference across sample and velocity of flow through sample was shown to be 
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Figure 7. Variation wtih frequency of parameters m, rand |r|. 


linear for the velocities used and the value quoted above is the mean of measure- 
ments (8-0 and 9-2 respectively) for flow parallel to and normal to the original 
surface of the Stillite sheet. 

The compressibility of the air in a sound wave propagated in air is ordinarily 
the adiabatic elasticity yH, in which y is the ratio of the specific heats of the air 
(1-403) and IT is the atmospheric pressure. For a condensation which takes 
place under isothermal conditions, the elasticity of the air is numerically equal 
to the atmospheric pressure II. The effective compressibility « determined 
from h and p’ for the sample of rock-wool is in general a complex quantity, 
but at all frequencies the phase angle is small. The values of Ly’ (=| «’ |/TD) 
are plotted against frequency in figure 7. At the low-frequency end of the range, 
the compressibility || tends to IT and at the high-frequency end it tends to 1-4 IT. 

The construction of a theory relating to the propagation of an acoustic dis- 
turbance in terms of effective values of inertia, compressibility and resistance, 
involves only a partial view of the behaviour of the air in the pores. The effective 
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values of these various quantities depend for their magnitude on the detailed 
movements of the air and of the fibres. Reference has already been made to 
the difficulties of an exact mathematical analysis of the individual motions; 
nevertheless, qualitative deductions are possible about the values to be expected 
for the parameters. . 

The effective values of inertia, resistance (and, to some extent, compressibility), 
will depend on the distribution of velocity across the air space between the fibres. 
At the surface of a fibre there will be no relative motion between the air and the 
fibre. For positions well away from the fibre surface, the velocity will tend 
to a uniform value. The velocity over the intervening sections will depend 
on the frequency, on the kinematic viscosity of the air, and on the geometrical 
arrangement of the fibres (vide: the classical analyses by Helmholtz and 
Kirchhoff of the propagation of waves in tubes, given in Rayleigh’s Theory of 
Sound, vol. 2). At high frequency the velocity gradient will tend to be concen- 
trated near the surface of the fibres, whereas at lower frequencies this 
phenomenon will be less pronounced and the flow become much as in the case 
of steady flow. 

At frequencies high in the acoustic range, the bulk of the air in the pores will 
tend to move as a core in which the motions are all in common phase. It may 
therefore be expected that the effective inertia will depend on the mass of the bulk 
of the air present in the pores and correspond with the normal density of the air 
(i.e. m=1). At frequencies lower in the range, the proportion of the total mass 
of air that moves with phase different from that of the core will become larger 
and the inertia due to the motion of the air alone will correspond in consequence 
to an effective density of air less than the true density. 

In the considerations advanced so far, the fibres have been assumed stationary. 
The viscous and accelerative forces which are imposed on the fibres by the motion 
of the air lead to movements of the fibres themselves, and these movements 
imply an increase in the effective inertia of the air. At frequencies of the order 
of 4000 c/s. it appears to be legitimate to assume that the inertia of the fibres 
is so high that their motion may be neglected; at frequencies of 200 c/s., the 
fibres take up an appreciable proportion of the velocity of the air as has been shown 
by an auxiliary experiment. ‘Thus observations have been made of (a) the 
amplitude of fibres and (b) the amplitude of the air as traced out by MgO smoke 
particles, for a wave set up in a small wad of rock-wool of the type used in the 
earlier experiments. The results show that at 200 to 400 c/s. motions of the fibres 
are of the order of 1°/ of the mean motion of the air. In view of the high ratio 
of the mass of the fibres to the mass of the air (about 60: 1 in the present case) 
the comparatively small motion of the fibres can contribute to the total inertia 
an amount about equal to that due to the air alone. This increase in the effective 
inertia more than outweighs the decrease due to lack of uniformity in phase 
of the motion of the air and accounts for the high experimental values of the 
corresponding parameter m (approximately 2 at 200 c/s.). 

The tendency of the gradient of velocity to steepen at the fibres as the 
frequency is increased leads to a viscous force on the fibres, and therefore to a 
porous resistance coefficient, which increases with frequency. Apart from such 
dissipation as may occur due to the motion of the fibres themselves, the observed 
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rise of porous resistance with frequency can be explained by the change of velocity 
distribution of the air that accompanies increase of frequency. 

The effective compressibility of the air depends jointly on the elasticity of 
the air itself and upon the bulk elasticity of the fibres. Since the latter elasticity 
must be very high, the effective compressibility may be considered as that of the 
air alone. The presence of the fibres will, however, affect the temperature 
of the air during the cycle of compression and rarefaction and it is therefore 
necessary to consider whether the compressibility corresponds to isothermal 
or to adiabatic conditions. ‘The heat capacity of the fibres is approximately 
fifty times that of the included air and hence the fibres form a heat reservoir 
easily sufficient to retain the air at substantially constant temperature. The 
thermal conditions during the cycle therefore depend upon whether the air 
is in sufficiently intimate contact with the surrounding fibres for equalization 
of temperature to be complete in a small fraction of a cycle. The experimental 
values found for x may therefore be interpreted as indicating that at 200 c/s. 
equalization is almost complete and the compression tends to be isothermal, 
whilst at high frequencies (4000 c/s.) the cycle occupies such a short time that 
the compression tends to be adiabatic. At frequencies intermediate between 
the two extremes it is to be expected that the maximum pressure of the cycle 
will be in advance of the phase of the condensation, on account of the thermal 
loss to the walls. The experimental values of « show just such a lead to middle 
and high frequencies, but show a lag (which is physically impossible from energy 
considerations) at the lowest frequency used (200 c/s.). It has already been 
indicated in another context that the measurements of phase velocity are a little 
in doubt at this frequency and.it is probable that such an experimental error 
is responsible for the discrepant sign of amp x. 


§6. CONCLUSIONS 


A theoretical analysis based on the assumption that the effect of the fibres 
can be regarded as modifying the inertia and compressibility of the air and 
as introducing a dissipative force into the equation of motion, shows that an 
acoustic disturbance of fixed frequency is propagated in a porous medium as 
an attenuated wave. Explorations of the sound field in a typical porous material 
(rock-wool) have shown that such wave-propagation is characteristic of the 
material, and have led to direct determination of the propagation constant of the 
waves in this material. The measured values of the propagation constant, 
together with those of the characteristic impedance, have been used to calculate 
the acoustic impedance of layers of the material of thickness 2-54 cm., 5-08 cm. 
and 10-16 cm. when backed by a substantially rigid wall. The calculated values 
of the impedance agree sufficiently well with the corresponding measured values 
to leave little doubt that description of the performance of sound in the material 
in terms of a simple, attenuated sound wave is adequate. 

The experimentally determined values of the propagation constant, and of the 
characteristic impedance have been used further to find the effective magnitudes 
of the inertia, compressibility and porous resistance, characteristic of the sample 
of rock-wool. ‘The results show that each of these quantities changes with 
frequency and the reason for this variation is discussed. Thus the effective 
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inertia of the air at low frequencies corresponds to a density of the air of about 
twice its ordinary value, and the increase is attributable to movements of the 
fibres; at higher frequencies such movement is small, and the effective inertia 
of the air has a lower value. The compressibility of the air, that is, the ratio 
of the oscillatory pressure to the condensation, proves in general to be a complex 
quantity with a small phase angle. The reason for the phase factor is discussed. 
The modulus of the compressibility has a value which at low frequencies 
corresponds closely to.the isothermal value and at high frequencies to the adiabatic 
value. ‘The porous resistance factor associated with sound waves in the material 
is shown to approximate in value to the steady-flow resistance for frequencies 
of about 200 c/s., but thereafter to rise steadily with frequency. 

The above conclusions about the variation with frequency of the parameters 
which are associated with sound propagation in rock-wool, qualify the conclusions 
arrived at by Morse from an interpretation of the results of the impedance 
measurements of Beranek: namely, that values of m, « and 7 that are independent 
of frequency lead to a satisfactory description of the sound field in a porous 
material.* 
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ABSTRACT. The paper describes the early portion of an investigation into the 
possibilities of determining wind velocities at high levels by radio methods. It was pre- 
pared in the spring of 1939, but publication has been delayed owing to the important part 
which this technique has contributed to meteorology during the war. In the intervening 
six years considerable progress has been made in the application of the basic principles 
desciibed in this paper. An account of this later work, leading to the practical techniques 
now used by the Meteorological Office, will be published later. 

The position of a radio-sounding balloon transmitter can be determined by the aid of 
two direction-finders set at a suitable distance apart, together with a measurement of the 
altitude, which can be obtained from the barometric pressure and the thermometer units 
attached to the apparatus. ‘The present paper is concerned with an investigation of the 
accuracy of the direction-finding technique used for the observation of bearings on the 
signals from radio sounding balloons during actual flight. From a knowledge of the 
precision of such radio bearings, the accuracy of position location of the balloon can be 
computed with the aid of curves given in the paper. 

Preliminary experiments conducted with direction-finders of both the closed-loop and 
spaced-aerial types on wave-lengths between 8 and 10 metres (frequencies 30 to 38 Mc/s.) 
showed that a reasonably high instrumental accuracy was obtainable ; but that in order 
to utilize this to the best advantage it was necessary to install the direction-finders on very 
satisfactory sites. Accordingly, the experiments were continued with the aid of specially 
designed direction-finders of the rotating-loop type installed on two superior sites situated 
at the ends of a suitable base-line for balloon location work. As a result of the calibration 
of these direction-finding installations, it was found that the observational accuracy was. 
of the order of 0°-1. The maximum error in bearing obtained in the course of the ground 
calibrations at a short distance was about 1°, but successive calibrations of the installations 
over a three-monthly period disclosed a variation in this site error of about 0°:5. 

The results of tests carried out on some twenty balloon flights show that, by taking 
mean observed bearings over each minute period, 95% of the bearings are correct to 
within 2° and nearly 80% correct to within 1° ; the probable error of such mean observed. 
bearings, after correction for the ground calibration, is about 0°-3. 


Foreword 


HIS paper was originally prepared in the spring of 1939, but publication 
has been delayed owing to the important part which this technique has 
contributed to meteorology during the war. 


§1. INTRODUCTION 


During several years prior to 1939, considerable progress had been made in 
the use of free sounding balloons with small radio transmitters attached for 
exploring the meteorological conditions of the atmosphere. The transmitters 
which formed the prototype of those used at the present time were designed to. 
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emit radio waves, with suitable superimposed characteristics dependent upon the 
pressure, temperature and humidity of the air in whichthe balloon issituated. At 
the ground receiving station, measurements made on the incoming signals led to 
a direct interpretation of these three meteorological quantities. A description of 
the type of transmitter developed in this country has been given elsewhere by 
H. A. Thomas (1938), and preliminary experiments have shown this to be suitable 
for exploring aerological conditions up to altitudes of some 45,000 feet. These 
experiments have indicated that the necessary radio transmissions can be carried 
out very effectively ona wave-length in the region of 10 metres (frequency 30 Mc/s.). 
While much of the early experimental work was carried out mainly on a wave- 
length of 8-5 metres (34 Mc/s.), the standardized type of balloon transmitter used 
in recent years by the Meteorological Office operates within the international 
wave-band for radio sonde work, viz., 10-7 to 10-9 metres (27-5 to 28-0 Mc/s.). 

In the past, a further aerological condition—the speed and direction of the wind 
at various heights—had been determined by making visual observations on free 
sounding balloons with theodolites. The attachment of a radio transmitter to the 
balloon opened up the possibility of using a radio method of determining the wind 
velocity, this method having the great advantage of not being limited by conditions 
of visibility. This limitation implies that the theodolite method is useless for 
determining wind conditions above the prevailing cloud level. With a view to 
exploring the possibilities of such a method, an investigation was conducted 
during 1938-39 on the accuracy attainable in the use of radio direction-finders on 
the ultra-short-wave signals emitted by the balloon transmitters. A preliminary 
investigation of radio direction finding on wave-lengths between 6 and 10 metres 
(frequencies 30 to 50 Mc/s.) using signals emitted from ground transmitters has 
been published previously (Smith-Rose and Hopkins, 1938), and the present 
paper deals with the extension of this work to observations made on signals from 
balloon transmitters. 


So LAE LOCATION OF A ERBE BALLOON HROUEPPED: WIT Ey zs 
RADIO TRANSMITTER 

There are two straightforward methods of determining the position of a radio 
transmitter, given its height above the earth’s surface. ‘The first method is to 
measure the azimuth and angle of elevation of the balloon transmitter by obser- 
vations taken at a single ground station. In the second method two direction- 
finders located at a known distance apart are employed to determine the position 
of the projection of the balloon on the ground. 


(a) Method involving the measurement of elevation 


The first method has the obvious advantage of requiring only a single observing 
station; but, while the measurement of azimuth can be carried out with the existing 
pattern of radio direction-finder, the determination of the angle of elevation is 
much more difficult. This matter has been previously referred to briefly by 
H. Diamond, W. S. Hinman and F. W. Dunmore (1937), but no experiments on 
the subject appear so far to have been carried out. In a British Patent, H. A. 
Thomas (1937) has described one method of determining azimuth and elevation 
with a single instrument. This is of the Adcock direction-finder type, with a pair 
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of vertical aerials spaced more than one wave-length apart. During the rotation 
of such an aerial system about a central vertical axis, the received signal passes 
through a series of minimum intensity positions, two of which indicate the azimuth 
and the others indicate the elevation of the transmitter. Practical considerations 
limit the application of such an instrument to wave-lengths of about 3 metres or 
below (frequencies of 100 Mc/s. or above), and the technique of the subject on 
these wave-lengths is accompanied by many difficulties and inaccuracies, the 
removal of which will require considerable investigation and development. It 
was therefore considered to be more expedient to devote attention in the first 
instance to the two-direction-finder method, since this made use of instruments 
and a technique which were already in an advanced stage of development and 
which were therefore expected to produce more rapid results. 


(b) Method involving two direction-finders 


At the time of the commencement of this investigation (1938) it was known 
that radio direction-finders were subject to various classes of error, some of which 
are directly associated with the instrument. As a result of various phenomena 
accompanying the propagation of electric waves either along the ground or through 
the atmosphere, the error of bearings observed on distant transmitting stations 
may at times be considerably greater than the instrumental error, and this 
frequently places a limit on the accuracy obtainable in the practical use of direction- 
finders. A considerable amount of modern research in direction finding has been 
devoted to the removal of errors resulting from the incidence of the waves at an 
appreciable angle of elevation above the ground. ‘This is precisely the case in 
which direction-finders are employed to locate a transmitter attached to a free 
balloon, and it is a matter of experiment to ascertain exactly what accuracy in 
bearing is attainable under these conditions. From a knowledge of the accuracy 
in bearing obtainable with a single direction-finder, the consequent accuracy of 
position determination can be calculated. 

When simultaneousbearings are taken on a fixed transmitter with two direction- 
finders having a known liability to error, the position of the transmitter lies within 
a quadrilateral which defines the maximum error in position under the conditions 
of the observations. The size and shape of this quadrilateral vary with the 
distance and direction of the transmitter from the direction-finders. The 
accuracy of position finding by this means has been studied by Corriez and Perlot 
with the same objective as that of the present investigation, and their results were 
given in a paper published in 1935. Based on the analysis outlined in this paper, 
the authors have calculated the curves drawn in figures 1 a and 1 b, which show the 
error in location of the transmitter as a function of its position for maximum bearing 
errors of + 0°-5 and 1° respectively. For clarity, each diagram is drawn in two 
halves with separate scales of distance. These graphs are curves of equal error ex- 
presscd as the ratio of the error in position to the length of the base line between 
the two D.F. stations. It will be seen that the curve of optimum accuracy isa circle 
of diameter equal to the base-line. Thus when the balloon transmitter is on the 
perpendicular bisector of the base-line, the maximum accuracy is obtained at a 
distance from this line equal to half its length. Under these conditions the 
maximum possible error in position measurement is 0:9°%% and 1-8% of the base- 
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line for the two D.F. bearing accuracies of +0°-5, and 1°-0. In the first of these 
cases, the error in position increases to 7-5 and 28-5% for distances along the 
perpendicular bisector of twice and four times the base-line respectively. If the 
balloon transmitter remains at a constant distance from the centre of the base-line, 
but changes in azimuth, then the maximum error in position is a function of this 
position, as is shown by the graphs. On the other hand, if the path of the balloon 
should coincide with one of the curves in the figure, then the possible error in its 
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Figure 1 a. Curves of equal maximum possible error in determining the position of a transmitter 
from bearings of maximum error --0°5°. 


The figures on the curves indicate the maximum error in position expressed as a percentage of the 
length of the base line. ‘ 


AOB=base line for upper half, i.e. for distances from O less than OA. 
COD =base line for lower half, i.e. for distances from O greater than OC. 


location will be constant in value. It should be pointed out that these curves 
become unreliable when the transmitter is in such a position that the bearings 
from the two direction-finders are nearly equal, i.e., when the transmitter is 
approximately on the base-line or an extension of it, or when the balloon is distant 
from the base-line. 

In the practical application of the method, observations are made continuously 
on the signal radiated from the balloon transmitter, and consequently the errors 
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of individual readings can be smoothed out, to a large extent, by averaging the 
results over fixed time intervals. This is an important point to be borne in mind 
when this method of locating the free balloon is applied to the determination of 


wind velocity. 


XI 
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Figure 16. Curves of equal maximum possible error in determining the position of a transmitter 
from bearings of maximum error +1°. 


The figures on the curves indicate the maximum error in position expressed as a percentage of the 
length of the base line. 


AOB=Base line for upper half, i.e. for distances from O less than OA. 
COD=base line for lower half, i.e. for distances from O greater than OC. 


§ 3. PRELIMINARY INVESTIGATION OF DIRECTION FINDING ON 
BALLOON TRANSMITTERS 


As it appeared likely that the two-direction-finder method was the only practi- 
cable one available, experimental work was conducted with a view to determining 
the accuracy attainable with existing ultra-short-wave direction-finders. A previous 
paper (Smith-Rose and Hopkins, 1938) has outlined the results obtainable with 
transportable direction finders on signals emanating from a fixed ground-trans- 
mitting station, but it was now desired to ascertain the reliability of the bearings 
observed on the radiation from a transmitter attached to a free balloon, Some of 
the experiments were carried out with the transportable apparatus just referred to, 
while for later work use was made of fixed-station direction-finding apparatus, 
the rotating-loop type of which has already been described elsewhere (Hopkins, 
1938). 

The balloon transmitters used in these investigations were of the type 
developed at the National Physical Laboratory for meteorological sounding of the 
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atmosphere, and a description of the transmitter and the experimental work con- 
ducted with it has been published by H. A. Thomas (1938). The experiments 
were made by releasing a balloon with transmitter attached, and then following the 
course of the balloon with a theodolite while bearings were being taken on the 
transmitter with the direction-finder. A comparison between the visual and radio 
bearings then gave the accuracy of the latter. The radio bearings were taken by 
the usual aural-null method, some ten to twenty observations being made per 
minute. ‘The mean of such a group of bearings was then compared with the 
mean of the theodolite bearings for the same minute, and the summaries given 
below refer to these mean observations. The radio observations were sometimes 
continued after the balloon had passed out of sight, in order to provide data as to 
the range of usefulness of the direction-finder. 


(a) Measurements with field direction-finders. 


The first series of measurements were carried out with the experimental 
transportable direction-finders referred to above, and especially developed for 
field investigation work. These were of two types : one was fitted with a simple 
rotating loop, while the other used a rotating spaced aerial of the Adcock pattern. 
The great advantage of using these instruments in the early work was that the 
experiments could be conducted at open field sites where previous calibrations 
had indicated that errors due to the site itself were likely to be small. As the investi- 
gation progressed, it became increasingly evident that the influence of the site, or 
the radio interfering effect of any obstacles thereon, is likely to be the limiting 
factor in the accuracy of this method of locating elevated radio transmitters 
whether attached to balloons or aircraft. 

Employing balloon transmitters designed to operate in the wave-length range 
8 to 10 metres, the sensitivity of the loop direction-finder was found to be 
adequate to enable good bearings to be taken at ranges up to some 40 miles ; 
while, with some sacrifice of quality, radio observations have been obtained at 
ranges up to about 90 miles. The form of the Adcock direction-finder used in - 
these early experiments had a maximum range of 20 miles. Later, a more 
sensitive Adcock set has been developed and a description of this is in course of 
publication. A direct comparison carried out between the loop and the Adcock 
direction-finders showed that the means of each group of bearings taken over a 
period of one minute were in faitly good agreement, although the oscillation of the 
individual bearings due to the swinging of the transmitter aerial was in general 
much greater with the loop set than with the Adcock receiver. ‘The results 
obtained during balloon ascents in which theodolite observations were taken are 
given in table 1. These measurements were made with the direction-finders 
placed at several sites ; with the exception of those at which balloons Nos. 4 and 
30 were released, these sites were carefully chosen so as to minimize any influence 
of the surroundings on the radio bearings. 

Consideration of this table shows that in the case of the loop receiver the 
extreme error was 7°:5, while with the Adcock receiver the extreme error was 3°:0. 
It should be noted that the results above cover a range of elevation from 4° to 36°. 
The importance of the angle of elevation of the balloon is discussed later, but it 
should be pointed out that as the angle of elevation increases, the wanted pick-up, 
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that is, the e.m.f. induced in the vertical portions of the aerial array, falls off very 
rapidly. Furthermore, the magnitude of the unwanted pick-up, that 1s, the e.m.f. 
induced in the direction-finding system by the swinging of the transmitter aerial 
from the vertical, increases. Thus at high angles of elevation the accuracy of 
D.F. observation falls off considerably. The principle of the Adcock direction- 
finder eliminates, to a large extent, the unwanted pick-up, and this typeof direction- 
finder would therefore be expected to give better results than the loop at high 
angles of incidence. Unfortunately, the sensitivity of the early experimental 
Adcock was insufficient to make use of this advantage, and the satisfactory working 


Table 1. Results of D.F. tests at field sites with balloons using 
wave-lengths between 8 and 10 metres 


Duricom le anees Estimated Accuracy of DF. bearings 
of visual elevation ee of for each minute 

Balloon : allOOn °|=—=_ = ac: | na 

No. enti: sn at last Extreme} Mean % oS 

a ( ae ) observation | error error within within 
eae (miles) (deg.) (deg.) DS ie 
Loop results 

4 Us 16-21 5 6-0 Bey) 50 2 

5 7 17-26 3 isi) 0-4 100 86 

iy Dy] 12-26 15 2:0 0-9 100 49 

18 31 4-12 4 1-7 0-6 100 90 
30 12 24-36 5 5-0 1-9 67 4 

32 9 28-32 3 75 2°9 45 44 

Compfising all the six tests fies 88 58 

Adcock results 

7 57 12-26 15 2-0 0:8 100 67 

18 31 4-12 4 1-4 0:5 100 96 

By 2 21-28 2 163 0:7 100 71 

28 11 8-16 4 1-0 0-4 100 100 
30 12 24-36 5 iloil 0-4 100 92 
32 9 pe) 3 3-0 1-2 78 44 | 

38 21 8-17 16 1-6 0:5 100 86 

4 Comprising all the seven tests 0-6 99 YE 


range of the instrument even at low angles of elevation was limited to about ten 
miles. Later work with the more sensitive instruments has shown them to be free 
from this limitation, and it is not considered that the accuracy of the D.F. bearings 
will deteriorate appreciably for ranges of the balloon somewhat beyond that at 
which it was possible to make visual observation during these tests. 

The results of this first series of experiments were very encouraging in showing 
that it was practicable to use an ultra-short-wave direction-finder to determine to 
a reasonable accuracy the bearing of a free balloon carrying a radio transmitter. 
The tests showed that with a rotating loop set, 88°% of the bearings were correct to 


within 2°, while with the experimental}Adcock’sets the accuracy was appreciably 
higher. 
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It has naturally been impossible to check the accuracy of the direction-finders 
when the transmission path has been partly through clouds.* It is, however, 
reasonable to suppose that clouds will not materially affect these results, except 
possibly during thundery weather, when ionization in the clouds may be con- 
siderable. 

It was next decided to ascertain to what extent this accuracy could be improved 
by using a fixed-station instrument of more rigid and robust design. At the 
period under consideration, certain technical difficulties were being experienced 
with the Adcock or spaced-aerial direction-finder, and while these were being 
investigated, the experimental work with balloon transmitters was continued 
with the improved form of rotating-loop instrument specially developed for the 
purpose (Hopkins, 1938). 


(b) Measurements with a direction-finder in a wooden hut 


Preliminary experiments carried out with the improved rotating-loop direction- 
finder installed in a hut at the Radio Research Station, Slough, indicated that a 
considerable improvement in instrumental performance was now obtainable. 
The results of two balloon ascents from Slough in which comparison observations 
were made with a theodolite are shown in table 2. 


Table 2. Results of D.F. tests at Radio Research Station, Slough, with 
balloons using wave-lengths between 8 and 10 metres 


Doren peor ar Estimated Accuracy of D.F. bearings 
ie saal een distance of for each minute 
BONE observa- during Bacon e F 
No. Sie. ee at last Extreme | Mean Ye We 
(min.) (> observation | error error within within 

. (miles) | (deg. | (deg.) 2° 1° 
36 a 20-25 8 3°7 11 86 Sri 
37 26 16-26 20 2-9 1-0 89 65 
Mean of the two tests 1:0 88 64 


These results, which are rather better than those obtained with the field sets, 
confirmed the view that the effect of the hut on the bearing accuracy would be 
small. Experiments with a portable transmitter set up close to the hut had 
already shown that the latter was not effective in producing bearing errors in this 
wave-band when dry, uniformly wet, or even when one or more sides were dry 
and the remainder wet. 

All these results were sufficiently encouraging to warrant the continuation of 
the work with loop direction-finders of the fixed-station type on better sites than 
had so far been available, and the details of this work are described in the following 
section. 


* Modern radar methods are now available to assist in such investigations. 
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§ 4, DIRECTION FINDING ON BALLOON TRANSMITTERS 
AT FIXED GROUND STATIONS 


(a) Choice of sites for experimental work 

Through the co-operation of the Meteorological Office, Air Ministry, two 
direction-finding sites near Larkhill, on Salisbury Plain, were made available for 
experimental work. Each of these sites was selected by personal inspection and 
was quite evidently superior to those at present available at the Radio Research 
Station. 

The first site, at Elston Hill, was situated in the centre ofa flat expanse of arable 
land, which was about three-quarters of a mile square, and was reasonably level 
over the whole area. The hut containing the direction-finder was situated near 
a footpath at approximately 300 yards from a minor road, and the nearest obstacles 
of any magnitude were the trees surrounding a farm-house some 1000 yards 
distant. In the earlier experiments an area of radius 25 yards around the hut 
was kept free of crops, but this was found to be insufficient, and the radius was 
later increased. 

The other site was at Lavington, about five miles away, and was a large stretch 
of pasture land reasonably flat, but with a gentle slope of about 1° in one direction 
and a somewhat steeper slope after a distance of 500 yards in the opposite direction. 
The nearest obstacles were trees more than 1000 yards away and a steel water 
tower, also at about 1000 yards. 

At each site the direction-finder was housed in a large wooden hut containing 
no metal-work larger than six inches, and, apart from the instrument, no metal 
objects formed part of the equipment. 


(b) Calibration of sites 


In order to ascertain the inherent accuracy of each instrument as installed in 
its hut, each direction-finder was calibrated by observing the bearings on a small 
portable transmitter set in turn at various positions round the hut at a radius of 
about twenty yards. In all except the preliminary experiments, care was taken to 
ensure that the assistant placing the transmitter in position did not produce 
spurious readings on the direction-finder ; it was found that if he retired to a 
distance of about ten yards behind the transmitter on the line joining this to the 
receiver, no error was introduced. ‘To facilitate the repetition of the calibrations 
at various times, it was found convenient to install a circle of wooden pegs marking 
the transmitter positions : in the earlier work these were provided at intervals of 
30°, but as the work progressed it was found desirable to place additional pegs at 
10° intervals. Also in the earlier tests, a landing-type magnetic compass was 
used to ascertain the true bearing of the various pegs, but various comparisons 
between this compass and theodolite indicated that the compass readings were 
limited to an accuracy of about +0°-3. As the results soon showed that an 
accuracy of this order was attainable with the direction-finder, the peg positions 
were finally located to a high accuracy by a theodolite method. The majority of the 
balloon work at these sites was carried out on a wave-length of 8-5 metres (frequency 
34 Mc/s.) arbitrarily chosen, but it was known that ultimately the technique would 
have to be transferred to the recently allocated international band of 10-7 to 10-9 
metres (27-5 to 28-0 Mc/s.). In the calibration work, therefore, the observations 
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were carried out fora range of frequencies, and it was usually found that the observed 
bearing was in error and the value of the latter varied with frequency. 

Throughout the calibrations, the observed bearings on the local transmitter 
were sharp, with a swing of about +0°-2. As a result, the observational accuracy 
is considered to be of the order of 0°-1. In general, the maximum error obtained 
in the course of the calibrations was about 1°, although in certain circumstances 
errors of 2° have been noted. 

Typical calibration curves obtained for the Elston and Lavington sites in 
September and December 1938 ona frequency of 34 Mc/s. are shown in figures 2.a 
and26,. Itisseen that there is an appreciable change in the calibration with time, the 
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Figure 2a. Site calibrations with local transmitter on 34 Mc/s. 

Elston Hill site. 

J * September 1938. 

L5 December 1938. 

change being more marked at Elston Hill (figure 2 a) than at Lavington (figure 2 4). 
A maximum of about 0°-2 of this change was subsequently traced to a possible 
change in the position of the flexible transmission line leading from the turn-table 
down to the receiver on the floor. ‘This fault in the instrument has now been 
rectified. 

On a few occasions, calibrations of a similar nature to the above have been 
conducted with the portable transmitter removed to distances up to 150 yards. It 
was found that the errors in the observed bearings varied within the range + -0°3, 
depending upon both the actual azimuth and the working frequency. It has not 
so far been practicable to extend this type of measurement to greater distances 
with a view to ascertaining the degree to which the short-radius calibration curves 


Error 
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may be applied as corrections to bearings observed on distant transmitters. In 
view of this practical difficulty, the applicability of such ground calibrations to 
results obtained on balloon transmitters will depend upon the relative importance 
of errors having their cause only a few yards from the direction finder and those 
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Figure 26. Site calibrations with local transmitter on 34 Mc/s. 
Lavington site. 
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caused by obstacles farther away. It was with the object of throwing more light 
on this aspect of the problem that further experiments were made at the Elston 
and Lavington sites, in which the radio bearings were directly compared with 
visual bearings obtained with theodolites. . 


(c) Further results on balloon transmitters 


In these experiments a number of balloons equipped with transmitters were 
released from each of the two sites, and the course of each of these was followed 
visually with a theodolite set up near the direction-finder. A second theodolite 
was used to determine the position of the balloon during the early part of 
each ascent, so that the observations on the first theodolite could be cor- 
rected for the small error introduced by the distance which separated the 
direction-finder from the theodolite. During the ascent of a balloon, radio-bearing 
observations (on a wave-length of 8-5 metres) were taken continuously at the rate 
of some 10 to 20 per minute, and theodolite observations were taken at half-minute 
intervals. In this way it was possible to compare directly the mean bearing of the 
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balloon transmitter during each minute as given by the direction-finder with the 
mean true bearing as given by the theodolite results. A summary of the results 
obtained during twelve ascents at Elston and nine at Lavington is given in table 3. 
These results refer to the actual readings on the instruments, before introducing 
any corrections derived from the ground calibrations, and they may therefore be 
compared directly with the earlier results summarized in table 1. 


Table 3. Results of tests with radio-equipped balloons using direction- 
finders installed in wooden huts (A=8-5m.) 


Duration] Range of Estimated Accuracy of D.F. bearings 
hi visual lcelevation distance of for each minute 
Ealisan observa-} during balloon 
No. Hone er at last Extreme} Mean % 5 es % 
(ano Kder) observation | error | error | within | within | within 
(miles) (deg.) | (deg.) De il Om5 
(a) Direction-finder at Elston Hill 
1 6 41-45 1 1-6 0:8 100 60 60 
2 43 23-60 11 5-0 As 83 31 21 
a 5 9-61 1 35 1:6 80 40 0 
6 54 11-42 18 oF 0-7 96 78 63 
8 73 10-24 35 Z() 0-6 99 78 49 
10 Ws 13-25 19 43 0-8 99 71 18 
sil 60 12-21 22 4-7 0-7 98 93 26 
12 7 — 1 hes} 23 57 57 29 
14 7 11-22 2 0-6 0-4 100 100 57 
16 XY) 7-12 iS Dis 0-4 95 95 89 
19 20 19-53 + 2-0 iol 100 47 0 
22 28 20-34 9 » 4-2 1-0 93 43 29 
Comprising all the twelve tests 0-8 96 72 37 
(b) Direction-finder at Lavington 

3 28 7-18 6 5:0 0-9 89 68 64 
5 35 8—24 il el Iker 100 86 OE 
7 34 17-27 8 5-2 0:5 94 94 79 
9 8 28-45 2 221 1-0 86 57 14 
13 8 6-23 1 9-6 cil 62 62 50 
15 Avy; 7-13 8 lays 0-6 100 88 47 
17 16 8-23 3 ite 0-4 100 94 56 
20 35 9-71 10 4-4 OS 94 94 77 
59 68 6-29 gy 4.9 0-6 Oi 82 50 
| Comprising all the nine tests 0-7 95 84 55 


It will be seen that this improved form of loop direction-finder erected on a 
superior site gives a considerable increase in overall accuracy in this work. The 
maximum error in the radio bearings was about 5°, while about 95°% are within 2° 
and nearly 80% within 1°. It was found that the largest errors in bearing generally 
occur in the first three minutes of flight. Factors contributing to this effect are the 
violent aerial swings in this period, the observer’s initial “mental inertia” in 
following the consequent variations in bearing, his preoccupation with tuning 
adjustments, and the high rate of change of mean bearing in the first minute or so 
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of flight. ‘These large initial errors are, therefore, not truly representative of the 
capabilities of the direction-finders observing on a balloon transmitter during the 
major portion of a flight. 

In order to ascertain to what extent the ground calibration may be usefully 
applied to these results, a direct comparison has been made of the errors in bearings 
before and after the appropriate correction derived from the site calibrations at 
twenty yards radius was applied to each D.F. observation (minute means). ‘This 
comparison is shown in the following table, which refers to the whole of the results. 
given in table 3, omitting the first three minutes of each ascent, and for both the 
Elston and Lavington sites. 

This table clearly demonstrates that the ground calibration made at a short 
distance around each direction-finder is quite useful in improving the overall 
accuracy of the observed radio bearings on balloon transmitters. It is evident, 
therefore, that at least part of the error in bearings is associated with the immediate 
vicinity of the direction-finding installation: the instrument itself and the hut 
would appear to be exonerated by the irregular shape of the calibration curves on 


Table 4. Effect of correction for ground calibration on bearings taken on 
radio balloon transmitters 


Percentage of minute means of radio 
Correction for bearings differing from visual bearings 
Site ground calibration by not more than 
applied 
2 1 0°-6 On? 
Elston No ~ 99 76 49 14 
o Yes 99 91 73 33 
Lavington No 99 90 68 25 
op Wes 100 95 82 44 


any one frequency. Reference may be made at this stage to the high overall 
accuracy which is now associated with these direction-finding arrangements. 
Bearing in mind that the results refer particularly to the mean observed radio 
bearings over one-minute intervals during the whole flight of a number of free 
balloons, it is to be noted that over 90°, of these mean bearings are correct to 
within 1°, and that the probable error calculated from all the readings, after 
correction for ground calibration, is 0°-35 for Elston and 0°-25 for Lavington. 

One further aspect of the results is illustrated by table 5, in which the errors of 
the radio bearings are separated for various arcs of elevation covered by the balloons 
in flight. ‘The first three minutes of each ascent have been neglected, for reasons 
explained above. 

From this table it is seen that there is a definite tendency for the errors to 
increase with the angle of elevation. This is to be expected from the fact that 
with a swaying aerial the effect of the horizontally polarized component in the 
emitted radiation will be to produce errors on the loop direction-finder which 
increase with the angle of elevation. So long as this work is restricted to loop sets 
it will obviously be advantageous to arrange the balloon ascents to give as small 
angles of elevation as possible, but this is not always practicable when a rapid 
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ascent to high altitudes is required. The conversion of the direction finders to 
the spaced-aerial or Adcock system should, therefore, give a considerable im- 
provement in the radio-bearing accuracy from this point of view.* In addition, 
the use of the Adcock system brings about a greater steadiness of the individual 
observations, the variations of which are due to the swaying of the balloon 
transmitter aerial. 


Soy DISCUSSION OF RESULTS AND CONCLUSIONS 


Before summarizing the conclusions which may be drawn from the results 
of the experiments described above, it will be useful to review the various types 
of error to which the bearings observed on a radio direction finder are subject. 
It is essential to understand clearly these various errors and their relative 
importance and to investigate their causes before further progress can be made 


Table 5. Variation of mean error of radio bearings with elevation of 
transmitter, after correcting for local calibration 


Arc of Mean arithmetic 
Site elevation error 
(degrees) (degrees) 
Elston 5-10 0-2 
10-15 0:3 
15-20 0:4 
20-25 O5 
25-30 0-7 
30-35 0-7 
35-40 0-9 
40-45 ff3 
Lavington 5-10 0:3 
10-15 0-3 
15-20 0-4 
20-25 0-4 
25-30 0-6 
30-35 0-6 


in the particular application of direction finding discussed in this paper, viz., 
the location of a radio transmitter attached to a free balloon. It will be evident 
that the conclusions may equally apply to the case of the location of aircraft 
transmitters within the limitations of distance, type of aerial, etc., imposed by 
the former application. 


(a) General discussion of errors in direction finding 


In general direction-finding work it is convenient to classify the various 
effects observed under the headings of Instrumental (including reciprocal effects 
and polarization errors), Stte, Ground path, Atmospheric path and Source errors. 

* With spaced-aerial systems the amplitude of the wanted voltage due to the vertically polarized 
component from the balloon is likely to fall off more rapidly with increase of elevation angle than 
that due to a similarly polarized reflection from an obstacle near the site. Even with an ideal 
Adcock system, therefore, we should expect site errors to be more troublesome at high angles of 


elevation. 
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Instrumental errors are inherently due to defects in the design or construction 
of the instrument, which introduce an error into the bearings indicated or 
observed. The reciprocal-error effect is made evident by the fact that the 
observed bearings in the two possible positions of the rotating system are not 
exactly 180° apart. Although the resulting error in bearing can be reduced 
by taking the mean of such readings, with the appropriate 180° correction, it is 
desirable that the reciprocal error should be reduced as much as possible. The 
effect arises from lack of symmetry of the receiving aerial circuit, and can be 
reduced or avoided by careful design and construction supplemented, if necessary, 
by a compensating device. It is not usually difficult to reduce such an effect to 
less than 0°-5, and in the instruments used in the later portions of this investiga- 
tion the error was reduced to less than 0°-1. 

The polarization errors are due to the reception of horizontally polarized 
electric waves on the aerial system, the magnitude of the effect decreasing as the 
angle of incidence of the arriving waves is increased, to a minimum for hori- 
zontally propagated waves. The loop direction-finder is very susceptible to 
such effects, but the magnitude of the error depends upon the relative intensities 
of the vertical and horizontal fields in the incoming waves. Using a balloon 
transmitter with a steady vertical aerial, no such polarization errors would be 
experienced on the loop direction-finder. In practice, however, the transmitting 
aerial performs a conical oscillation about an axis which, due to the horizontal 
motion of the balloon, may not be vertical; and it is therefore to be expected that 
variable polarization errors would be experienced with such a direction finder. 
The results already obtained and discussed in the previous sections show that by 
taking the mean of several bearings observed over one-minute periods the effect 
of such oscillation of the bearing can be kept reasonably small, providing the 
angle of elevation of the balloon itself is not excessive. 

Site errors arise from the reception of re-radiated fields from currents induced 
by the incoming waves in obstacles such as trees, buildings and metal conductors 
on the site of the direction finder which may arbitrarily be taken as the area of 
terrain within about a quarter of a mile from the direction finder. From earlier 
general experience in direction finding on other wave-lengths, it is known how to 
avoid the larger errors due to bad site conditions, but with the general improve- 
ment in the accuracy of direction-finding technique, the matter has called for 
further investigation on a wide scale. The subject is found to be of a somewhat 
complex nature, and detailed discussion of the general problem is beyond the 
scope of the present paper. The results of experiments described above indicate 
the order of the effects observed in relation to the particular application dealt with 
in this investigation. 

Ground and atmospheric path errors are due to any deviation or reflection 
effects introduced in the propagation of the waves and caused either by topo- 
graphical features, such as hills, masses of trees or the ground, or by atmospheric 
conditions such as clouds or temperature gradients in the path between trans- 
mitter and receiver. ‘The experiments described in this paper tend to confirm 
the view that the error due to these effects of topography—although small—are 
likely to be a factor limiting the accuracy of bearings taken on signals from 
balloon-borne transmitters. On the wave-lengths and at the distances used for 
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this work it is considered that the field at the direction finder is free from radiation 
returned from the ionosphere. 

Source error arises from any peculiarities in the distribution of radiation from 
the immediate vicinity of the transmitter, due either to the aerial system employed 
or to re-radiation effects from obstacles close to the transmitter. In the case of 
free balloons of the type used in this investigation, such source effects are quite 
negligible. 

(b) Conclusions 


The above general discussion makes it clear that in order to obtain a high 
degree of accuracy in locating free balloons by radio direction-finding methods, 
it is necessary to pay special attention to the instrument itself and the site on 
which it is placed. 

The greater part of the investigation described in this paper has been carried 
out with direction-finders which have been specially developed to have a high 
instrumental accuracy of bearing indication, which is of the order of 0°-1 under 
the best conditions, using a working wave-length of about 10 metres. Some 
difficulty has been experienced in utilizing this accuracy, however, due first to 
effects introduced by the site on which the direction finder is placed, and secondly, 
by the departure during flight of the balloon aerial from a vertical position. Bya 
careful choice of the site on which the direction-finder is placed, the former error 
has been restricted to within a range of about +1°, but variations of about half 
this magnitude have been experienced in the course of successive calibrations 
with a three-monthly interval. ‘The cause of this error and of its variation have 
not so far been ascertained, but the results of various experiments suggest that 
the bearings observed on a balloon transmitter can be improved in accuracy by 
applying a correction for this local site error. The effects of the swaying of the 
transmitting aerial while a balloon is in flight can be largely compensated for by 
taking the mean of a succession of radio-bearing observations over a period of a 
minute, and the results of tests carried out on some twenty balloon flights under 
these conditions show that 95° of the observed bearings are correct to within 2°, 
and nearly 80% correct to within 1°. These results can be still further improved 
with the use of a more fully developed Adcock or spaced-aerial direction-finder 
than was available for the experiments described in this paper. 

It must be pointed out that since the assessment of the direction-finding 
accuracy is carried out by comparing the radio observations with visual bearings 
obtained by means of theodolites, all the tests described above were necessarily 
conducted under fair-weather conditions when visibility was reasonably good. 
In many cases, however, the radio observations were continued long after the 
balloon had, passed out of sight above the clouds, and the general experience 
obtained under such conditions indicates that the above accuracies are likely to 
be maintained for the whole period during which the signals from the transmitter 
are of adequate strength at the direction-finding receiver. It thus appears that 
within the range of such balloon location work, which may cover distances up to 
the order of 50 miles and altitudes up to some 40,000 feet, no serious errors due 
to the propagation of waves through the atmosphere are likely to be encountered. 

The work described above is limited to a study of the accuracies of individual 
radio direction-finders. The resulting accuracies in the location of a free balloon 
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by means of two direction-finders operating simultaneously can be deduced from 
theoretical curves given in the paper. The extension of the experimental 
investigation to such simultaneous operation and the resulting application for 
meteorological purposes must remain outside the scope of the present paper. 
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ABSTRACT. The importance of improving the accuracy of the determination of celf 
dimensions determined from single-crystal photographs is pointed out and the general 
principles upon which such improvements can be obtained are outlined. These principles, 
which are based on those used for powder photographs, are illustrated by application to 
an orthorhombic crystal, thallium hydrogen tartrate, the cell dimensions being determined 
to an accuracy of the order of 0-005%. Extensions of the method to monoclinic and 
triclinic crystals are also discussed. 


$15 INDRO DU CATON 


OTATION and oscillation photographs provide a ready means for finding 
R the unit-cell dimensions of a crystal, since, if the crystal is rotating about a 
crystallographic axis, the distances apart of the layer lines provide a measure 

of one of the lattice spacings. The accuracy of this method is, however, not high ; 
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it is great enough for unequivocal indexing of the spots on oscillation photographs, 
but few workers would claim an accuracy of more than about 1 °% for cell dimensions 
deduced in this way. This accuracy is probably sufficient for most crystal- 
structure work, since interatomic distances are not usually determined to this 
accuracy. But recent work with three-dimensional Fourier methods suggests 
that an accuracy of 1°% in interatomic distances has been approached (Jeffrey, 1945) 
and even surpassed (Booth, 1945), and therefore it appears that for crystals studied 
by these methods a greater accuracy in the determination of cell dimensions would 
be desirable. 

In certain other applications of x-ray diffraction an increased accuracy would 
also be desirable. For example, in the determination of molecular weights an 
accuracy of 0:03°% is needed to match the 0-1°% that can sometimes be obtained 
in the determination of densities. Buerger (1937) has described a special 
Weissenberg instrument by which this accuracy can be obtained. It is, however, 
unnecessary to have a special camera for the purpose; an accuracy of 0-01°%, can 
easily be obtained with an ordinary single-crystal goniometer, only small changes 
in design being necessary. The only qualification is that the crystal should be 
perfect enough to give sharp spots with Bragg angles 6 near 90°. 


SH, AMER OIRNG TO APS, ISS KON) 


The method to be described is based essentially on that already extensively 
used for powder photographs (Lipson and Wilson, 1941). The positions of re- 
solved « doublets with @ near 90° are measured and the value of one of the cell 
dimensions is deduced from each; the values are plotted against sin?@ and the 
value at sin?@=1 is taken as correct. 


Screw for 
adjusting 
colli mator 


Target 
oe 


Brass Screen 


Figure 1 a. Section of camera with collimator attached. 


A difficulty arises in the determination of the Bragg angles of the spots. Single- 
crystal cameras are not usually fitted with calibrated knife-edges, and to introduce 
these would require considerable redesign. This difficulty can be avoided by 
using the van Arkel method (Lipson and Wilson, 1941) of mounting the film; the 
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X rays enter through a hole in the film and the reflections with @ near 90° are then 
recorded near the middle of the film, not near the edges. (This film mounting 1s 
not recommended for ordinary indexing, where it is important to know the position 
corresponding to 9=0°). The angles can then be evaluated with a knowledge of 
the camera radius, and even though this may not bethe effective radius of the film, 
because of film shrinkage, the error is eliminated by the method of extrapolation. 


Lead Screen 
\. 
Target pacman Sse 
. (an 
oy X 


Figure 1b. Section of 3-cm. radius Unicam camera. 


The film can be most easily mounted in the camera if the collimator is rigidly 
attached to the camera, since then only a small hole is needed in the film, as shown 
in figure 1a. This has an additional advantage over the more usual arrangement, 
shown in figure 1d, in that the camera can be put closer to the x-ray tube. With 
a camera of 3-cm. radius it was found that this modification resulted in about a 
three-fold increase in intensity of the spots in the film. The presence of the 
collimator in the camera also facilitates the loading of the film, and renders 
unnecessary the movement of the goniometer between exposures. 


$3. USE OF THE METHOD POR FANSORDT HORT OMB TCR RCs aAaul 


The spots which are used are those on the zero layer line of an oscillation , 
photograph. If an axis of the crystal is oscillating symmetrically with respect to 
the x-ray beam a symmetrical photograph will be obtained and values of @ can be 
derived from the distances S between corresponding spots on the two sides of the 
film. If Sis the distance between two such spots, 


4 S 180 
; 90 6 = 4R . —- erceee e (1) 
For a camera-of 3-cm. radius this reduces to 
90% =F S4:77S" | Tee (2) 


The symmetrical oscillation photograph provides another advantage. In 
figure 2 is shown the a* 5* section of an orthorhombic reciprocal lattice with the 
reflecting circles (Bernal, 1926) symmetrically disposed with respect to the 6 axis. 
It will be seen that the spots with @ near 90° have a large k and small h index. 
These spots will be particularly well suited to the determination of the value of 5, 
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since a small error in a will not greatly affect the results. In order to find a, 
another photograph can be taken with the a axis oscillating symmetrically with 


3) 7h B® Ss 
SS 
+ 


Figure 2. Section of orthorhombic reciprocal lattice and extreme limits of circles of reflection 
for a symmetrical oscillation photograph. 


respect to the x-ray beam, the axis of rotation being the same as for the former 
photograph. To determine the value of c, however, either the a or b axis must be 
set as axis of rotation. 


945. A PRACTICAL EXAMPIEE 


The method has been used to determine the cell dimensions of thallium 
hydrogen tartrate. Groth (1910) gives the axial ratios as 


Ga pac=0:69767 1.7 0:/275; 
and these values are supported by the measurements of Porter (1928), who gives 
G20 609502 e072 34. 


A crystal was mounted with its a axis as axis of rotation; this axis was parallel 
to the longest dimension of the crystal and, on the oscillation photographs taken 
with Cu Ke radiation, the x-ray reflections were sharp and accurately measurable. 
Measurements of the layer lines gave a=7-63 kx., from which, using the axial 
ratios given by Groth, we obtain b= 10-94 kx, and c=7-96kx. These values were 
used for the analysis of the photographs. 

Two symmetrical 15° oscillation photographs were taken, as explained in §3. 
The positions of all the resolved « doublets on the zero layer line of each photograph 
were measured; the results for the determination of c are given in table 1. The 
points as plotted (figure 3 a) for extrapolation show a great deal of scatter, and it 
is impossible to deduce more than that the value of c is in the neighbourhood of 
7-91kx. The scatter is not, however, a random one; the points for reflections with 
larger k tend to lie above the others. This is an indication that the axial ratio is 
nerror. This was confirmed by the measurement of b, which gave b= 10-99 kx. ; 
the axial ratio is thus about 0-7197,;, not 0:7275. A recalculation of c with this 
axial ratio (shownlin the lower part of table) gave the points shown in figure 3 (8) ; 
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Table 1 


The derivation of c from an oscillation photograph of a single crystal of 
thallium hydrogen tartrate taken with CuKa radiation in a camera of 
radius 3 cm. 


2 

hkl Radn. 0 cosec 0 a [ere Cc sin? 4 

06 8 dy 62-267 1:129783 7:00548 7:9147 0-784 
Os 62-496 1-127423 7:02296 7:9278 0-787 

04 9 Ga. 66-832 1:087720 7:27095 7:9088 0-845 
do 67-171 1-084991 7:28909 7:9086 0-850 

O5°°9 ay 70:529 1-060660 ~ 7:46201 7:9147 0-889 
a 70-930 1:058067 7:48063 7-9150 0-893 

0 2 10 ay 79-153 1:018192 7:76792 7:9092 0-965 
Bigs 79-892 1:015767 7:78731 7:9101 0-969 

OS) 1) ay 83-894 1-:005705 786793 7:9128 0-989 
06 8 ay 6-98834 7:8953 0-784 
on 7:00579 7°8985 0:787 

04 9 ay 7-26362 7:9008 0-845 
as 7:28175 7:9006 0-850 

05 9 ay 7-45085 7-9028 0-889 
ds 7:46945 7-9032 0-893 

OREO ay 7-76621 7:9075 0-965 
ds 7:78560 7-9084 0-969 

0 3 10 ay 7°86413 7-9090 0-989 


7.92 
059 
ens 
0310 < a 
O Tae 
——— 
ee, 
7.91 QR 
a 210 649 
IN 
kx 
7.90 
Sy = 07275 


Vp = 0.7197, 


7.89 
1.00 90 80 1.00 -90 80 
Sin26 Sin.°6 
(a) (6) 


Figure 3. Extrapolation curves for the determination of ¢: (a) with an inaccurate value of c/b ; 
(6) with an accurate value of c/b. 
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these lie satisfactorily in a straight line and give the value of c as 7-9099 + 0-0003 kx. 
A similar recalculation of b gave 10-9945 + 0-0005 kx. 

In order to find a, a photograph was taken with the crystal set with the b axis as 
axis of rotation. With 15° oscillation and Cu Kz radiation, however, no spots with 
§ greater than 70° appeared on the symmetrical photograph. The range of 
oscillation was therefore increased to 30° by taking two successive exposures on 
the same film, and two reflections with higher angles were recorded. The results 
were not so good as with the other photographs, in that the extrapolation curve was 
not straight, but nevertheless the value of a was found to be 7:6395 + 0-0005 kx. 
As a check, the value of c was also deduced from a photograph taken with the same 
axis of rotation; the value, 7-9101 + -0004 kx., agreed with the previous value well 
within the limits of experimental error. 

To summarize, the results for the crystal are 


@=7 0395: kx, Be L009 4 Sek. C= 71-9100 kas, 
a:b:c=0-69485 : 1:0-71945. 


The lattice parameters are probably correct to 0-0005 kx. and the axial ratios to 
0-0001. (It is interesting to note that the value of a deduced from layer-line 
measurements was correct to 0:1%, but this agreement is probably fortuitous.) 
‘The density p, calculated by means of the formula 


p2165026 SAlabe, (3) 


where =A is the sum of the atomic weights of the atoms in the unit cell (Stockdale, 
1940; Footeand Jette, 1940), is3-511; + 0-001 gm/cc., which is about 0:5°% higher 
than the experimentally determined values of 3:491 and 3-496 gm./cc. (Porter, 
1928). 


Soe DEPENDENCE OF THE RESULTS UPON THE VALUE ASSUMED 
FOR THE RADIUS, OF THE CAMERA 

It might be thought that the assumption of a value of 3 cm. for the radius of the 
camera might lead to appreciable errors since film-shrinkage can introduce errors 
of the order of 0-3°% (Lipson, 1942). ‘The calculation of c, as shown in the lower 
part of table 1, was therefore repeated with constant 4:77 in equation (2) changed 
to 4-80; this value was chosen because it gave a much smaller drift in the results, 
The value of c sodeduced was 7-9097 kx., which agrees with the previous value well 
within the limits of error. ‘This source of error, although it is small, would be 
eliminated if a camera with calibrated knife-edges were used, but it will be seen 
that the accuracy obtainable even without such knife-edges is quite high. 


§6. DEPENDENCE OF THE RESULTS ON THE METHOD OF 
MEASUREMENT 
The films were measured in an instrument of the type described by Sears and 
‘Turner (1941), and the positions of strong spots could be read to an accuracy of 
about 0:03 mm. Since such an instrument may not be available in some labora- 
tories, it was thought desirable to find out how much accuracy would be lost if 
much simpler methods of measurement were used. Accordingly the spots on 
the photograph that forms the subject of table 1 were measured by visual 
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comparison withasteel scale graduated in}mm. The result was 7-909 + 0-002 kx, 
Thus even with this simple method of measurement an accuracy of about 0-02% 
can be obtained. 


§7. EXTENSION TO THE MONOCEINICVAND AER Gee 
SYSTEMS 
Similar methods can be used for the determination of a sin B, b and c sin f for 
a monoclinic crystal, for both the a* 5* and the b* c* sections of the reciprocal 
lattice are orthogonal. The determination of 6, however, involves some difficulties, 
for it has to be obtained from the A0/ spectra, the relation being 


sin? =4)°(h'a*"—2hla*c* cos B—Tc*). en eee (4) 


If a* and c* are known, then f can be derived from spectra for which neither 
h nor lis zero; for greatest accuracy the spots used to determine f should be those 
with h and / nearly equal. It is not possible, however, to arrange for a symmetrical 
photograph except by complete rotation, and it may not be possible to index 
unambiguously all the spots on a rotation photograph. 

Two possibilities of overcoming these difficulties suggest themselves; first, a 
composite photograph may be taken with a series of small oscillations so that 
chosen spots appear on both sides of the film; secondly, the crystal may be coated 
with a fine powder of a crystalline material such as quartz so that the Bragg angles 
of the spots can be deduced by interpolation from the Bragg angles of the powder 
reflections. This latter method is less troublesome, although it would mean 
that the crystal could not be used for any other purpose. 

For the triclinic system it is impossible to take symmetrical oscillation 
photographs, and, therefore, methods such as those described in the preceding 
paragraph would have to be used for all the lattice parameters. 
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ABSTRACT. ‘The ratio of the new international lumen to the lightwatt is expressed 
as a function of the radiation constants alone, to a close approximation. Its value is 
calculated for various recommended values of these constants. ‘The corresponding values 
of the ratio of the present, or “‘old”’, international lumen to the lightwatt are also given. 


§1. INTRODUCTION 
Ti ratio of the practical unit of luminous flux (the lumen) to the lightwatt 


is often needed in calculations on the emission of light from total radiators 

and other sources. (It is numerically equal to the value, in lumens per 

watt, of the luminous efficiency of radiation of the wave-length for which the 
relative luminosity function has its maximum value unity.) It has long been 
a source of uncertainty, for three reasons. In the first place, the present, or 
‘“‘old”’, international candle, from which the lumen is derived, is not physically 
defined. ‘This difficulty will be removed when the new international candle 
comes into use as the standard of intensity, for this unit is defined in terms of the 
brightness of a total radiator at the temperature of freezing platinum, and the 
new lumen will be derived from it. Secondly, the ratio of the new lumen to the 
lightwatt depends on the form of the relative luminosity function. This is settled 
if we accept the internationally-agreed table of values which has been in use since 
1924. Thirdly, the ratio depends on the values of the radiation constants C, and 
C,; these have undergone considerable changes in the last twenty-five years and 
are still somewhat a matter of choice and liable to revision. A direct computation 
of the ratio for each pair of values of C, and C, would be very laborious, and a rapid 
method of computation of sufficient accuracy is clearly desirable. In this paper 
a close approximation is developed which expresses the ratio of the new interna- 
tional lumen to the lightwatt as an explicit function of C, and C, alone; the 
value of the ratio corresponding to any pair of values of the radiation constants 
can thence be readily calculated. The limits of error are determined mainly by 
the experimental error in the determination of the melting-point of platinum. 
A relation between the temperature and brightness of a total radiator has 
been given in a previous paper (Caldin, 1945). This relation assumes the 
C.L.E. values for the relative luminosity function (C.I.E., Compte Rendu, 1924; 
Judd, 1931), and it can be expressed as an explicit function of C, and C,. For 
a perfect diffuser such as a total radiator, the total luminous flux per unit area of 
surface is equal to z times the brightness, and so a relation between temperature 
(°x.) and total luminous flux per unit area (lightwatts cm-*) is easily derived. 
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Using this relation, it is possible to relate the lightwatt directly to the new inter- 
national lumen, since the brightness of a total radiator at the freezing point of 
platinum is by definition equal to 60 new candles per cm? of projected area (Inter- 
national Lighting Vocabulary, C.J.E., 1938), and so the total luminous flux is 
607 new lumens per cm? of thearea of the source. ‘The value on the international 
scale of the temperature of freezing platinum is itself dependent upon the value 
of C,, since it is measured by finding the ratio of the energy flux at a fixed wave- 
length due to a total radiator at the temperature of freezing platinum to that at 
the temperature of freezing gold (Roeser, Caldwell and Wensel, 1931). ‘Thus the 
total Juminous flux per unit area in lightwatts cm-? of a total radiator at the 
temperature of freezing platinum can be expressed (assuming the C.I.E. relative 
luminosity function) as an explicit function of C, and C, alone. For any pair of 
values of C, and C,, the ratio of 607 to the value obtained gives the ratio of the 
new lumen to the lightwatt. The ratio of the present, or “‘old”’, international 
candle to the new candle has been experimentally determined (for references 
see Wensel, 1939, p. 393), and it appears that the brightness of a total radiator at 
the temperature of freezing platinum is 58-9 old candles percm? ‘The ratio of the 
old lumen to the lightwatt can thence be calculated for any given values of 
“Cand; Co: 

From the relation here obtained, the values of the two ratios are calculated 
for various values of C, and C, which have been recommended at various times. 


§2. DERIVATION OF AN EXPRESSION FOR THE RATIO OF THE NEW 
LUMEN TO, THE LIGHTRWALE AS AN VEXPEICI FUNCTION @ EH 
Cc, AND C, ALONE 


The total luminous flux per unit area of a total radiator, F, expressed in 


lightwatts cm?, is given in terms of the temperature (°K.), the values of the - | 


radiation constants C, and C,, and the relative luminosity function, by the equation 


F=nB= | Jia. sa (1) 
0 

a : 
“where J,dr= a oh Se 2 ae (2) 


Here #=total luminous flux per unit area of surface (lightwatts cm-?); 
B=brightness (in corresponding units) ; 

J,d\=total energy flux per unit area from a total radiator, between the 
wave-lengths A + dX/2, as given by Planck’s equation (watts cm-?) ; 

V,=value of the relative luminosity factor at the wave-length \; 

T= temperature (°k), 

Using these equations, and assuming the C.I.E. values for the relative lumi- 
‘nosity function (Joc. cit), values of B for various temperatures between 2000 °k. and 
3120°x. have been calculated and a relation between Band T derived (Caldin, 1945). 


It is concluded that F can be expressed as a function of T, C, and C, with con- 
siderable accuracy by an expression of the form 


logy F =a + logyy(C,/3-703) — (10860C,/14330T), —...... (3) 
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where a is a constant, C, is in micron degrees, and C, is in Si vascen sci 102°. 
Near the freezing point of platinum, which lies between 2040°x. and 2050°k., 
the value of F is given within + 0-001 log units (0-2°) by equation (3) with the 
value a=4-775. 

The freezing point of platinum is given on the international temperature 
scale by the formula (Roeser, Caldwell and Wensel, 1931) 


log, Ras -7), re (4) 
where 7, = freezing point of platinum; 
T,= freezing point of gold = 1336°x. ; 
R,= experimentally-determined ratio of the values of J for a given 


wave-length A at temperatures 7, and Ty. 


With the value C,=14320 micron degrees, the value found for 7, was 
2046:7+1°K. The estimated error corresponds to an error of +0-6% in F. 
For a small change dC, in C,, equation (4) gives the corresponding change 


in 7 :— 
dT,  4C,/T, 7 dC, 2 
Tan (7-1) =-053 Go (5) 
Thus we obtain the following expression for 7; in terms of C,: 
1, =2046-7[1 —053(C, — (14320/14320].  —siasa .. (6) 


Substituting this value for T in equation (3), we obtain finally the following 
expression for fF, the total luminous flux per unit area, in lightwatts per cm?, of 
a total radiator at the freewing point of platinum :— 


~[3-7027 x 10-*C,][1 —3-7 x 10-(C,— 14320)... (7) 


Since the value of F, at this temperature is 607 new lumens, the ratio M, of 
the new lumen to the lightwatt is given by 


logy) M, = log, 607 — logy Fy 
= —2-500 —log,,(C,/3-703) 
+ [3-7027 x 104Co} (1 —3-7 x 10 “(C, —14320)}. 5.2... (8) 


From this equation, so long as the C.I.E. relative luminosity data are accepted, 
the ratio M, can be calculated for any given values of C, and C,. The limits of 
error are obtained by summing the estimated errors in the use of equation (3) and 
in the experimental determination of 7,; the result is +0-8%. Assuming in 
addition the experimental value 58-9 old candles = 60 new candles, the ratio 
M, of the old international lumen to the lightwatt is given by a similar equation 
in which the first term is not (— 2-500) but (— 2-508). 

The ratio M, could of course be directly computed for each pair of values of 
C, and C,, using equations (1), (2) and (4), but such a computation is laborious ; 
the purpose of the present treatment is to show how the previous computations 
of B (Caldin, 1945) can be used to give a rapid method of computation of sufficient 


accuracy. 
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§3. RESULTS FOR CERTAIN VALUES OF C, AND C, 


The values of the two ratios, M, and M,, have been calculated for three pairs 
of values of C, and C, which have been recommended at various times. 

The results are given in the table below. The values of M, should be correct 
to about +5 units; this uncertainty is mainly due to the experimental errors in 
the determination of T,, the freezing point of platinum. The values of 7, 
corresponding to the various values of C, are also given in the table. 


=| 
ee Cy Ps ee M, a M, 
Authority eRe (erg. secs} Peet new lumen/| (old lumen 
(migron deg.) cacti | eae lightwatt) | lightwatt) 
International 
Critical Tables 14330 3-703 2045:9-+1 643 631 
Wensel (1939) 14360 37 32 2043-7-+1 664 652 
Birge (1941) 14384-8 3-7403 2041-81 683 671 
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REVIEWS OF BOOKS 


Radium Therapy. Its Physical Aspects, by C. W. Witson. Pp. xi+224. 
(London: Chapman and Hall, Ltd., 1945.) 18s. 


Dr. Wilson has attempted with considerable success to fill a gap of long standing in 
the literature of radiation physics applied to medicine. The publication is also timely, 
as the author points out in his preface, in view of the expected implementation in the near 
future of the Cancer Act (1939), when the wider application of radiotherapy is likely to 
attract more workers, medical and otherwise, to this interesting field. 

The book should amply meet the needs, as regards radium therapy physics, of the 
postgraduate student of radiology, particularly, of course, if he intends to specialize in 
radium therapy. It provides at the same time a handy reference volume and data book 
for the practising radium therapist and the hospital physicist, however familiar they may 
be with much of its contents. It is written with the clarity of style and the close attention 
to detail which has characterized all Wilson’s many publications on the subject. Little 


work of importance in the last decade or so has been overlooked, and the book abounds 
in references to the literature. 
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‘The scope of the book is clear from the chapter headings : (1) Radium : its properties 
and application to medicine ; (2) The interaction of high-voltage radiation and matter ; 
(3) Gamma-ray dosimetry : methods and theory ; (4) Gamma-ray dosimetry : apparatus 
for dosage measurement ; (5) Radium therapy with surface applicators (plaques) ; (6) 
Cavity and interstitial radium therapy ; (7) Radium teletherapy ; (8) Protection. There 
are four appendices, valuable as aids to practical dosage calculation. 

While the general treatment is on very practical lines, theoretical aspects are by no 
means neglected. Thus, while details of the construction and design of “ air-wall ” 
ionization chambers are fully described, recent work on ‘‘ air-wall”’ materials and chamber 
wall-thickness is clearly presented from the theoretical standpoint. The chapter on 
radium teletherapy is particularly good, and here the author has drawn considerably on 
his wide and intimate association with the many physical problems involved in the 
technique. 

It is not surprising to find, in the chapters dealing with surface radium applicators 
and interstitial gamma-ray therapy, that the well-known dosage systems of Paterson and 
Parker receive much attention and are described in detail. The dosage graphs are given, 
but, as in the original published work, they are too small for practical use. In this con- 
nection a useful addition, in appendix form, would be the table published by Oddie in 
1941, relating radium-skin distance, area and milligramme-hour dose for surface appli- 
cators, preferably recalculated to 0-5 mm. Pt screenage (instead of 0-8) and adjusted to 
8-3 r. per hour (instead of 8-0) for the value of the dosage rate at 1 cm. from a point 
source of 1 mg. Ra element with this screenage. 

The layout of the book is excellent and the line diagrams are numerous and clear. 
The production would be considered satisfactory even on peace-time standards, and the 
price is very reasonable. In future editions, when the paper shortage is less acute, the 
addition of some blank pages for notes alternating with squared paper would be useful at 
the end of the book. 

It is abundantly clear that the author, who is Physicist in the Department of X-ray 
and Radium Therapy at Westminster Hospital, fully appreciates the clinical problems 
which confront the radium therapist. The fruitful co-operation of physicists and others 
engaged in radiation therapy depends largely upon a mutual appreciation of each other’s 
problems and difficulties. "The author expresses the hope that his book will help to make 
the physicist’s work appear as a more co-ordinated whole than hitherto. There is little 
doubt that it will do so. Dyas AN Ife 


Fluid Dynamics, by R. von Miszs and K, O. FRiEDRICHS, with supplementary 
notes by S. BERGMANN. (Rhode Island : Brown University.) 


There is some doubt about the propriety of reviewing these papers, as copies can only 
be obtained by writing to Brown University. The papers consist of ‘‘ Roneoed”’ notes of 
lectures given at courses of advanced instruction and research in mechanics at Brown 
University in 1941 and 1942. They are sufficiently comprehensive to be published as a 
book, but there is no indication that this is intended. This would be useful, as the notes 
provide a good exposition of the field covered and would help the student attending the 
lectures. 

Fluid dynamics is treated from a strongly theoretical standpoint, as might be expected 
from the reputation of the authors. The first chapter gives a résumé of the standard 
theory of the motion of an ideal fluid ; vector methods are used throughout and the 
treatment is thorough yet concise. This chapter is followed by a chapter on motion in 
two dimensions, with special reference to the aerofoil’;, this treatment follows the lines 
developed by von Mises in 1917 in stressing the geometric aspects of the conformal trans- 
formations and of the resulting aerofoil section. It is doubtful whether the student should 
be burdened with this kind of treatment, which is hardly ever used in modern develop- 
ments of aerofoil theory. Chapter 3 gives the basic theory and elementary application 
for the wing of finite span, and includes a full account of the properties of vortex lines and 
sheets. 

The first three chapters are written by von Mises, and the next two chapters, discussing 
viscous and compressible flow, are written by Friedrichs. The basic theory of viscous 
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flow, in particular the validity of the boundary-layer equations, is fully discussed, while 
the applications of the theory are treated as examples. The treatment of the instability 
of laminar flow is more thorough than in any available book on aerodynamics and is clearly 
one of the subjects of special interest to the author. This subject has occupied the 
attention of mathematicians and physicists since the time of Osborne Reynolds ; due to 
the complicated equations, it has been difficult to deduce conclusive results, but it is 
gradually becoming accepted that Tollmien’s 1929 investigation and those following from 
it are valid. 

The discussion of compressible flow covers flow in channels, flow across and in shock 
waves, linearized theory of subsonic and supersonic flow, and the flow round corners. 

The concluding section, by Bergmann, on the hodograph method in the theory of com- 
pressible fluid flow is more specialized than most of the rest of the “book”. The 
hodograph method enables the equations of motion to be linearized and solutions in 
terms of hypergeometric functions to be obtained. In the hands of Karman and Tsien 
it has yielded general approximate formulae relating the flow of a compressible fluid to: 
the flow of an incompressible fluid round a body. Ringleb and Karman have shown that 
the limiting speed, above which solutions of the equations cannot be applied, is associated 
with the occurrence of infinite accelerations in the field ; this occurs only at speeds well 
above the local speed of sound. The question whether this phenomenon is the cause of 
the development of shock waves is unlikely to be answered by mathemetical analysis only, 
as some instability of the steady supersonic flow may be present at lower speeds. 

The hodograph method is well adapted to deal with general problems, but its application 
to determining the flow round definite bodies is difficult, as the body shape tends to vary 
with the speed of flow unless troublesome corrections are made. The only practical 
alternative to the hodograph method is numerical analysis, but it is always difficult to 
deduce general conclusions from numerical data. 

In conclusion it is to be hoped that the material contained in the lecture notes will be 
published in due course as a book. H. B. SQUIRE. 


THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


PAST PUBLICATIONS 
OF THE 


PHYSICAL SOCIETY anp or THE OPTICAL SOCIETY 
. STILL AVAILABLE 


The present prices, shown in the following list, many of which are approximately half 
the published prices, are inclusive of postage. 

Fellows and Student Members of the Physical Society, and Members of the Colour and 
Optical Groups of the Society, may obtain copies for their personal use at half the 
present prices. 


International Conference on Physics (London, 1934). 
Papers and Discussions. Vow. 2. The Solid State of Matter. Pp. 183. Published in 1935 at 
10s., in paper covers. Present price 5s., in plain brown paper covers. 


Reports on Symbols, Units and Nomenclature (approved by the General Assembly of the Inter- 
national Union of Pure and Applied Physics). Pp. 40. Published in 1935 at 2s. 9d., in 
paper covers. Present price 1s. 6d., in plain brown paper covers. 


Report on Band Spectra of Diatomic Molecules, by W. J BVONS, D.Sc., Ph.D. Pp. 308. Published 
in 1932 at 21s., bound in cloth, and 18s., in paper covers. Present prices the same. 
ease a Audition. Pp. 151. Published in 1931 at 7s. 3d., in paper covers. Present ptice 

s. 8d. . 
Discussion on Photo-electric Cells and their Applications. Pp. 236. Published in 1930 at 12s. 6d., 
in paper covers. Present price 6s. 4d. 
A Discussion on the Teaching of Geometrical Optics. Pp. 84. . Published in 1929 at 4s. 6d., in paper 
covers. Present price 2s. 4d. 


The Decimal Bibliographical Classification (Optics, Light and Cognate Subjects), by Professor A. F. C. 
PoitiarpD, D.Sc. Pp. 109. Published in- 1926 at 7s. 6d., bound in cloth. Present price 


3s. 10d. 


A Discussion on Ionization in the Atmosphere and its Influence on the Propagation of Wireless Signals. 
Pp. 50. Published in 1925 at 3s., in paper covers. Present price 1s. 6d. 


The Effect of Electric and Magnetic Fields on Spectral Lines (The seventh Guthrie Lecture), 
by Professor Niels Bohr. Pp. 30. Published in 1923 at 2s. 6d. in paper covers. Present 


price 1s. 4d. 


A Discussion on X-ray Measurements. Pp. 45. Published in..1923 at 2s. 6d., in paper covers. 
Present price 1s. 4d. 


Motor Headlights. Pp. 39. Published in 1922 at 2s. 6d., in paper covers. Present price 1s. 4d. 


Report on Series in Line Spectra, by (the late) Professor A. Fowtrr, C.B.E., Sc.D., F.R.S. 
Pp. 182, with 5 plates. Published in 1922 at 12s. 6d., in paper covers. Present price 6s. 4d. 


The Physics and Chemistry of Colloids and their Bearing on Industrial Questions, a general discussion. 
Pp. 190. Published in 1921 at 2s. 6d., in paper covers. Present price 1s. 4d. 


Discussion on the Absolute Measurement of Electrical Resistance, and Instruments based on the 
Temperature-Variation of Resistance. Pp. 49. Published in 1921 at 2s. 6d., in paper covers, 


Present price 1s. 4d. 
Discussion on Lubrication. Pp. 34. Published in 1920 at 1s. 2d., in paper covers. Present price 8d. 


Report on the Relativity Theory of Gravitation, by Sir ARTHUR S. EppincTon, O.M., F.R.S. 
Pp. 91. Published in 1920 at 6s. 3d., in paper covers. Present price 3s. 2d. 


A Discussion on the Making of Reflecting Surfaces. Pp. 44. Published in 1920 at 5s., in paper 
covers. Present price 2s. 6d. 


Metrology in the Industries, Pp. 29. Published in 1919 at 1s. Od., in paper covers. Present 
price 6d. 
Orders, accompanied by remittances, should be sent to 
THE PHYSICAL SOCIETY 


1 Lowther Gardens, Prince Consort Road, London S.W.7 
nema iemmmemmeemmeaeemeemmaaaaesaacaaaaaaacaaaaaaaaaaaaasaaaaaaaaaaaaaaaaacaasasaaaaaaasaaaaaaaaaaaaaa 


THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


ELECTRICAL MEASURING 
INSTRUMENTS 
OF THE HiGHER'GRADES 


ERNEST TURNER | 
ELECTRICAL INSTRUMENTS 
Limited 
CHILTERN WORKS 


HIGH WYCOMBE 
BUCKS. 


Telephone : High Wycombe 1301/2 
Telegrams : Gorgeous, High Wycornbe 


